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FOREWORD 


The symposium on Advanced Display Media was the eighth in a series of 
technical meetings sponsored by the Electronics Research Center, NASA. It 
was the first NASA symposium held on display media. The attendance of 
more than 350 engineers and scientists from universities, industrial organiza- 
tions, and Government agencies reflects the increasing interest in improving 
displays in aeronautical and space vehicles and the continuing university- 
industry-Govemment relationship in aerospace technology. 

Many of the techniques in display media discussed at the symposium and 
documented herein have been made possible by the tremendous advances in 
electronic technology in recent years. The application of digital computers 
to drive new displays has opened new vistas for engineers and scientists to im- 
prove the information available for astronauts and pilots to make decisions. 

A unique feature of this seminar was the combination of theoretical papers 
and demonstrations of experimental or breadboard display devices by 31 
aerospace research organizations. 

The Advanced Display Media Symposium was one of a continuing pro- 
gram of conferences and seminars planned by the Electronics Research Cen- 
ter, NASA, to expedite interchange of electronics research and technology. 

James C. Elms Richard J. Hayes 

Director , Electronics Research Center , Assistant Director 
NASA for Guidance and Control Research 
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INTRODUCTION 




$ 


This volume documents the proceedings of the symposium, “Recent Ad- 
vances in Display Media,” sponsored by the Electronics Research Center, 
NASA, Cambridge, Mass. It was held at the Kresge Auditorium of the 
Massachusetts Institute of Technology on September 19-20, 1967. 

Recent trends toward the display of computer-generated information are 
rendering obsolete the use of traditional mechanical movements for information 
display. While there is a wealth of information as to precisely what informa- 
tion requires display in a given system, no previous seminar has concerned itself 
primarily at the display media level with the problem of how this information 
may best be displayed. It was the purpose of this seminar to examine the pres- 
ent and projected state of the art of the various display media applicable to 
computerized systems and to assist the system designer in the selection of media 
most appropriate for his particular needs. 

The first three technical papers were written to highlight areas where 
further developments are required by citing the deficiencies of existing media 
for advanced spacecraft, advanced commercial aircraft, and general aviation. 
To some extent, these papers reflect the Electronics Research Center’s emphasis 
on cockpit display. The remaining papers provide state-of-the-art reviews 
of display media. 

The papers include technology equally applicable to nonaerospace systems 
such as command and control centers. All of the developments reported here 
were not sponsored by NASA. Rather, the results of Department of Defense, 
university, and industry-sponsored research are also included. Every effort 
has been made to provide research-sponsorship acknowledgment in the refer- 
ence lists at the end of the papers. 

George Kovatch Edwin H. Hilborn 

Chairman Program Chairman 
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COMPUTER-MANAGED DISPLAY SYSTEM FOR 
ADVANCED COMMERCIAL TRANSPORTS 


W. C. Dersch and Robert T. Johnson 
The Boeing Go. 


The computer-managed display system is part of an automatic flight management 
system study designed to evaluate applications for automation in commercial air transport 
operations. The display system employs cathode ray tubes (CRT’s) and appropriate solid- 
state displays to provide the flight crew with automatically sequenced, time-varying in- 
formation that is not only more accurate and complete than that provided by conventional 
flight deck instrumentation, but is more pertinent to each flight regime and requires less 
manual control and adjustment. The prime purpose of this paper is to stimulate the 
development ,of components needed for such display systems. 


The function of this display system is to in- 
form the flight crew of the overall operation of 
advanced commercial transports. Development 
of advanced display systems and. display com- 
ponents are, of course, mutually dependent. In 
order, to exploit the inherent flexibility of mod- 
em CRT’s and other active display components, 
computer management is necessary to avoid an 
otherwise hopeless clutter of controls. 

With respect to the display system, a central 
flight management computer (ref. 1) is assumed 
to — 

(1) Provide adequate storage to refresh and 
update the displays 

(2) Manage the display system controls to 
reduce clutter and to supply the pilot with max- 
imum useful information 

(3) Process data into pictographs and im- 
proved informative display configurations 

(4) Manage all the inputs to the display sys- 
tem, such as navigation and flight control com- 
putations, data link instructions, and air data 
Updating the navigation system via a moving 
map display is also included as a direct input 
function. 

Figure 1 is a block diagram of the Automatic 
Flight Management (AFM) system (ref. 1) 



Figure 1. — Automatic flight management system. 

showing the relationship of the advanced dis- 
play system to the overall airplane management 
system. Loops 5, 6, and 7 typify today’s manu- 
ally controlled airplane. Loops 1 to 4 show, 
respectively, the man-to-computer control, the 
computer-to-airplane control, the airplane-to- 
computer feedback, and the display system 
man-machine interface. 

The standard displays (loop 7) show un- 
processed data, such as the number of pounds of 
fuel remaining and the airplane’s altitude. The 
information displays in loop 4 show processed 
data, such as a pictograph of the relationship 
of fuel on board to the flight plan -and the air- 
plane’s position relative to its destination, and 
its altitude in relation to the Mach number, air 
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Figure 2. — Conventional pilot’s panel. 


temperature, and overpressure limits. The re- 
mainder of this discussion will be confined to 
the computer-managed display system in loop 
4; the evolution of this system is shown in fig- 
ures 2 to 4. 

Figure 2 is a conventional pilot’s panel show- 
ing some of the major instruments. These dis- 
plays are in loop 7 of figure 1. Figure 3, an 
advanced pilot’s panel, shows the substitution 
of cathode-ray-tube displays in place of the 
electromechanical displays. In addition, a 
Mach-altitude vertical profile display is in- 
cluded. Note the improved readability and 
pitch scale sensitivity on the attitude director 
display and the additional navigational infor- 
mation presented on the moving-map display. 
The advanced pilot’s panel (ref. 2) is a bridge 
between the present standard display system 
and the computer-managed display system in 
loops 7 and 4, respectively. Figure 4 is a sample 
of the panel configuration of the display system 
under study ; as is apparent, this panel 'borrows 
liberally from the panel reported in reference 
2. The major difference is that the AFM 
display system represents a more extensive uti- 
lization of the cathode-ray-tube displays made 


possible by the management capability of the 
previously mentioned AFM computer facility. 

The nature of the computer-managed display 
panel is illustrated in figure 5, which shows 
four different configurations on the same panel 
corresponding to four different points on the 
flight profile. When shown side by side, these 
four sample panels show how the CRT dis- 
plays are configured in an effort to increase the 
display format efficiency as the airplane pro- 
gresses to its destination along the flight profile. 

Thus, with the display management concept, 
the pilot is furnished only usable information. 
With the pilot’s prior permission, the display 
panel is automatically configured to the most 
efficient layout; however, the pilot is provided 
with the controls to take exceptions to the auto- 
matic configuration program. For example, in 
the case of suspected nonnormal operation of 
an engine, the pilot and flight engineer can ex- 
amine engine readings in detail on their respec- 
tive multimode displays. This permits the 
pilot to remain in full command of the air- 
plane both through his other chosen essential 
displays and his copilot, the latter’s displays 
being in the normal flight mode configuration. 
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The goal of the display management concept 
is to control by computer those routine func- 
tions that can be preplanned and that do not 
require judgment. This reduces the workload 
on the flight crew and conserves their finite hu- 
man capacity for decisions requiring skillful 
and experienced judgment. In addition, the 
computer can sometimes sense a subtle trend be- 
fore even the most attentive human observer, 
and thus can alert the flight crew in advance 
of situations which may require decisions. 

Inherent in the managed display concept is 
the built-in program causing the display sys- 
tem to return to the automatically programed 
configuration as the flight progresses. Also, a 
simple arrangement is provided so that the pilot 
can reset the display system to the automatic 
mode. This prevents him from becoming lost 
in his display system, particularly after having 


changed his displays to a highly nonroutine 
configuration, as in the engine example just 
given. 

Figure 6 Shows a flight profile organized 
around the functional requirements of the man- 
aged display system rather than the usual navi- 
gationally oriented plan. For example, the 
display system requirements are the same when 
the airplane is taxiing at departure as when it 
is taxiing at arrival. Eight flight regimes, 
typical of supersonic flight and requiring dif- 
ferent data display, are as follows: 

1. Pre-post-flight checklist 

2. Engine autostart 

3. Taxi in-out terminal 

4. Roll, liftoff, and subsonic noise abatement 

5. Climb-cruise, subsonic 

6. Climb-cruise, supersonic, and overpres- 
sure limits (sonic boom) 
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Fromms 4. — Automatic flight management panel, climb-cruise, subsonic. 


7. Letdown and initial approach 

8. Final approach, land, and' rollout 

Panel layouts are being made of each mode 
(four of which were shown in fig. 5) to study 
what and how information should be displayed 
and managed. Development hardware and 
associated simulator designs are in process as 
the next step to eventual flight tests. 

Let us take two points in time on the flight 
plan and examine the pilot’s display panel. By 
the time the pilot gets to “Engine Autostart,” he 
has approved the appropriate checklist items 
with the assistance of an auto checklist. The 
central management computer has been in- 
structed to proceed in its program with the en- 
gine-start operation, and the display panel is 
automatically configured to this flight-plan 
mode. (See fig. 7.) The panel shows that en- 
gine 1 has already been started and is idling. 
The remaining three engines are being started 
in parallel on the assumption that the one run- 
ning engine can provide adequate start services. 
This approach saves a few minutes which be- 


come significant when compared to a desired 
80-minute turnaround time. 

Since the airplane is standing still on a level 
surface, the attitude director display is not 
needed. Instead, its CRT is used to display the 
picture from a split-field TV camera observing 
the engine exhausts. Certain types of malfunc- 
tions show up immediately. Along with the 
engine-exhaust view, the engine status is quan- 
titatively summarized for the pilot with the 
four sets of gages showing percent rpm, exhaust 
gas temperature (egt), and fuel flow. These 
gages are monitors, and the AFM computer is 
monitoring and controlling these and other 
transient data (such as oil-pressure buildup) 
against stored templates. In the event of an 
out-of-tolerance reading, preplanned action 
would be taken immediately and the pilot noti- 
fied accordingly. 

The pilot must be careful that the exhaust 
blast from his engines does not cause damage 
from jet heat or velocity. Thus he is shown a 
TV view of the underside and to the rear of 



Figure 5. — Automatic flight management panel configuration comparison. 
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Figure 6. — Automatic display management flight proflle. 
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the airplane, which enables him to verify the 
all-clear message from the ground crew. 

As the auto checklist is proceeding, only the 
deviations or judgment-requiring decisions are 
displayed on the fourth multimode display. A 
log of completed items is shown on the third 
display, which is normally used for map and 
navigation information. High-priority mes- 
sages, such as changing weather condition* 
would usually be displayed on the attitude di- 
rector CRT or vertical profile multimode CRT. 

Figure 8 shows what the pilot’s panel might 
look like on final approach. The center of at- 
tention is the attitude director display, which 
shows a TY picture of the landing gear and its 
surroundings. The camera is located on the 
leading edge of the rear underside of the ventral 
fin, many feet behind the pilot. Tests are being 
run on the supersonic transport (SST) con- 
figuration on the Boeing space-flight simulator, 
in which both pilot and nonpilot engineers 


“land” the SST, using only the attitude director 
with the simulated “real world” TV back- 
ground. 

The rearward location of the camera gives a 
pictorial indication of the pitch attitude and 
yaw angle, in addition to quantitative pitch- 
and-yaw indicators. Vertical speed and ver- 
tical acceleration are shown, but in a less promi- 
nent location than the radio altimeter. A 
high-priority message area is also provided. 

The vertical profile display is now used to 
show engine thrust and its relation to noise- 
abatement limits. The gross weight and the 
center of gravity, with respect to the aircraft 
flight plan, are computed and shown; fuel 
weight remaining and its relationship to the 
flight plan is computed and shown; and wing 
flap and wing sweep are shown. 

On the moving map, multimode, CRT dis- 
play, the airplane heading is shown along with 
a high-resolution radar picture of the runway. 
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Figure 7. — Pilot’s AFM display panel, engine autostart. 


Figure 8. — Pilot’s AFM display panel, final approach. 
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These radar data would be obtained from 
ground-located points which are fed into the 
computer to calculate the relative position and 
the change in position of the airplane with re- 
spect to the runway. In an autoland system, 
these data, along with data from other sources 
such as the standard Instrument Landing Sys- 
tem (ILS) or inertial platforms, would be used 
to generate appropriate signals to maneuver 
the airplane safely onto the runway. 

Under conditions of impaired visibility, the 
runway would not be visible either on the TV 
or through the window. In this circumstance, 
the pilot is shown, in natural pictorial form, 
the data and resulting computer control signals 
used to autoland the airplane. Thus he is in- 
formed and exerts overall management control 
of the airplane’s safe flightpath. 

The computer storage capability needed to 
service this display system is quite modest. 
Four display data sources are anticipated. The 
first and second — standard TV and weather or 
high-resolution radar — operate in real time and 
require no storage other than a few addresses 
to locate the several simultaneous pictures that 
can occur (radar signal processing is considered 
separately from display storage). Computer- 
generated curves and facsimile symbol-pictorial 
generators are the other two data sources which 
do require storage facilities. 

Twenty computer-generated curves, with 40 
segments per curve and vector line drawing 
capability, located within one-sixteenth inch 
on any one of four CRT displays, require about 
1600 words. This type of display signal gen r 
erator will be used for flightpaths, trending, 
and special symbols. Only full white-black 
contrast (no gray scale) is planned. 

The facsimile generators are monoscopes and 
flying spot scanners. Thirty-three messages 
averaging 75 alphanumeric characters each can 
be located within one-sixteenth inch on the four 
CRT’s. Some of these messages are canned 
groups of characters and thus require only one 
source and one display location. In addition, 
36 symbols are provided, such as the airplane 
symbol, horizon lines, and pointers, with full 


* 

gray scale as needed. The storage capacity of 
the display system, as now understood, is sum-, 
marized as follows: 

Words 


1. Pilot’s panel 2000 

2. Copilot’s panel (additional) 1000 

Total 3000 


The following have not yet been detailed, but 
for the present have been sized in relationship 
to the complexity of the preceding panels : 

Words 
( estimated ) 


3. Flight engineer panel 2000 

4. Center panel and miscellaneous 1000 

Total 3000 


The total of 6000 words assumes that the dis- 
play capabilities of the various panels are 
highly independent. The pilot’s and copilot’s 
panels will have nearly duplicate displayed data 
at any one time, and there will be some com- 
monality between the engineer’s and center 
panels. 

In summary, a computer-managed display 
system has been described, through which the 
pilot can give his attention to the airplane flying 
a safe path, rather than his being engaged in 
doing it. The flight crew will be as important, 
but “they will be managers rather than control 
pushers” (ref. 3) . 

This display system requires the highest flex- 
ibility in display components, and a computer 
is necessary to manage the display system to 
avoid an otherwise prohibitive complex of 
knobs. This system probably could be imple- 
mented with available components, but to real- 
ize maximum efficiency, improved components 
are required. Medium-sized screen, compact 
CRT’s with multiple independent guns, high 
contrast and/ or brightness, and multiple colors 
exemplify the functional requirements of de- 
sirable components. Satisfactory solid-state 
displays with their usually more limited flexi- 
bility, but higher space and weight efficiency 
factors, would most certainly be blended into 
the display system. 
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DISPLAY REQUIREMENTS FOR ADVANCED 
MANNED SPACECRAFT 


Bobert C. Duncan 

Assistant Director , Electronics Research Center , National Aeronautics and Space Administration 


Introduction 

A fundamental purpose of displays and con- 
trols in manned vehicles is to integrate man into 
the vehicle system. Displays provide informa- 
tion from which the pilot can control the vehicle. 
Displays take the form of — 

( 1 ) Dials to give status of subsystems. 

(2) Attitude indicators; that is, state vec- 
tor and rate of change of state- vector indicators. 
(Note that both items (1) and (2) are common 
both to aircraft and to the first three genera- 
tions of manned spacecraft.) 

(3) Computer-derived status and maneuver 
data, which were first used in second- and third- 
generation manned spacecraft. The third-gen- 
eration manned spacecraft, the Apollo Com- 
mand and Lunar Modules, use the computer to 
give data in numerical form to the pilot con- 
cerning (a) future state- vector data (that is, 
trajectory data projected to some future time or 
future orbit), and (&) emergency maneuver 
data (if required during the launch phase or 
other phases of the missions). 

A significant man-machine integration factor 
for both the Gemini and Apollo spacecraft was 
the use of a powerful computer with provisions 
for communication between pilot and computer 
through proper input and output equipment. 
Another significant factor was the development 
of software during the mission-planning phases 
to give an important capability to the crew that 
has not been exploited in aircraft and space ve- 
hicles. This capability may also be of value to 
pilots of aircraft, particularly of high-per- 


formance aircraft such as the # supersonic 
transport. 

Heads-up displays are not used in the first 
three generations of manned spacecraft except 
for optical reticles provided in Gemini to aid in 
rendezvous and a reticle system in the Lunar 
Module, the landing-point designator, to assist 
in landing efficiently at a predetermined point 
on the surface of the Moon. The landing-point 
designator is a pattern on the left window of 
the Lunar Module that uses the parallax of the 
inner and outer windows to show the pilot where 
the computer is taking him. The computer 
provides the pilot with the window coordinates 
of the landing site by displaying this informa- 
tion on the computer keyboard. The pilot can 
then visually locate the site on the window and 
redesignate to a new target if desired. 

Man’s Capabilities 

What are man’s unique capabilities as a con- 
troller of systems? Man has a unique facility 
for exercising judgment. He can reason induc- 
tively and has the ability to draw inferences 
from isolated elements in one situation and ap- 
ply them to another. The trained human being 
has the capacity to analyze problems never be- 
fore encountered and to make decisions on the 
basis of general, rather than specific, experience. 
He is a valuable technical troubleshooter, and he 
can assure reliable operation of all equipment 
on board his spacecraft by continuously check- 
ing and choosing alternate control modes. 

11 
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Man can perform an almost unlimited di- 
versity of tasks, such as the following : 

(1) Correlate many nonrelated observations. 

(2) Readily perform diverse physical tasks 
in any order — moving from place to place, re- 
placing or repairing a faulty electronic com- 
ponent, controlling a moving spacecraft, col- 
lecting minerals and plantlife, and comparing 
observations with data previously accumulated. 

(3) Make rapid decisions based on seem- 
ingly independent events. 

(4) Have intuition, imagination, and ini- 
tiative. 

It is interesting to compare some of the debits 
and credits which enter the engineering ledger 
as a result of designing a spacecraft system to 
include the human crew. The man excels over 
the machine in the following: 

(1) Detecting minimal changes in visual or 
auditory stimuli. 

(2) Perceiving in the presence of noise mean- 
ingful patterns of information. 

(3) Choosing new courses of action with 
great flexibility and adaptability when circum- 
stances change unexpectedly. 

(4) Storing tremendous quantities of data 
for long periods of time and recalling the re- 
quired relevant information rapidly. 

Engineering liabilities incurred by incor- 
porating man into the system include the 
following : 

(1) Much engineering effort is required to 
make the spacecraft habitable and safe because 
of the inherent vulnerability of man to the space 
environment. 

(2) Engineering provisions beyond a utili- 
tarian minimum must be made for living and 
rest because more is required of man than mere 
survival. He must perform at top efficiency, a 
requirement closely coupled with morale and 
physiological considerations. Equipment re- 
quired (such as displays, controls, and data- 
processing facilities to make man effective in 
his duties) is costly in weight, size, complexity, 
and dollars. 

Evolution of Control Displays in 
Manned Spacecraft 

Let us summarize now in a series of drawings 
the evolution of pilot displays and controls in 


the first three generations of U.S. manned 
spacecraft. , 

Figure 1 shows the main display panel for 
the Mercury spacecraft. This spacecraft had 
no gyro horizon; it used aircraft-type instru- 
ments with some miniaturization and simplifica- 
tion. A left panel (not shown) provided status 
lights and controls for such things as jettison- 
ing the abort tower. The top instruments in 
the main (center) panel provided attitude data 
in the form of needles indicating roll, pitch, and 
yaw. These were used in lieu of a gyro horizon 
(commonly called an eight-ball or FDAI, flight 
director attitude indicator). Also shown on 
the center panel is the altimeter and the rate of 
descent indicator. The right panel contains 
status lights and controls for the environmental 
system and other subsystems. 

If the spacecraft shown by the U.S.S.R. at 
such international exhibits as Expo 67 are ac- 
curate, the Mercury display and control panel 
is complex in comparison with that of the 
Vostok. The Vostok had a small number of 
switches in one panel to the left of the pilot. 
In front of the pilot was a small number of dials 
and an interesting navigation indicator show- 
ing the geographic position of the satellite over 
the Earth. In lieu of a gyro horizon, the 
astronaut had a small window, approximately 8 
or 10 inches in diameter, between his feet 
through which he could observe the Earth. 

Medical data released by the Soviet Union 
and by the United States at various internation- 
al meetings on the problems of manned space 
flight have been somewhat contradictory. The 
Soviet astronauts have apparently had greater 
physiological difficulty in accommodating to 
space flight than have the U.S. astronauts. 
One of the primary differences between Soviet 
manned spacecraft and U.S. manned spacecraft 
is the greater data on spacecraft status pro- 
vided to the U.S. astronaut. Another signifi- 
cant difference is that the U.S. astronaut has 
been provided with considerably larger win- 
dows, giving him a much larger solid-angle view 
of the Earth. Perhaps these factors have con- 
tributed to the easy accommodation of U.S. 
astronauts to space flight. None has experi- 
enced illness or disorientation. No flight has 
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been prematurely terminated because of the 
astronaut’s physiological reactions. This is not 
true of the Soviet astronauts. These factors 
are certainly not inconsequential in designing 
displays and evaluating the importance of them. 

Figure 2 shows the main display and control 
panel for the Gemini spacecraft. This panel is 
much more complex and complete than that of 
Mercury. The Gemini spacecraft had an in- 
ertial guidance system and could maneuver in 
orbit for rendezvous and docking and during 
reentry for landing at a specified point on 
Earth. This maneuverability required that 
considerably more information be provided the 
pilots. For example, in the lower left-hand 
comer of figure 2 the incremental velocity in- 
dicators show Delta Y maneuvers in all three 
axes. Also required is information on the 


status of the fuel, as shown by the propellant 
quantity indicators. To control the vehicle 
during maneuvers, the pilot was required to 
have an FDAI, and these were provided on 
both panels as shown. Many of the indicators 
were duplicated to increase the overall relia- 
bility of the spacecraft system. Gemini was 
the first manned spacecraft to have a high- 
speed digital computer, and methods were re- 
quired for the astronaut and the computer to 
communicate with each other. This is shown 
in the lower right-hand side of the control 
panel. 

Figure 3 shows the Gemini panel in more 
detail. In the lower right-hand panel are the 
mechanisms through which the astronaut can 
enter numbers into the computer and through 
which the address and message are indicated to 







RECENT ADVANCES IN DISPLAY MEDIA 







16 


RECENT ADVANCES IN DISPLAY MEDIA 


him. The center panel is largely a panel of 
subsystem status and controls. The command 
astronaut’s panel (left) and the second astro- 
naut’s panel (right) contain attitude and flight 
data for both pilots. The second astronaut 
was integrated with the computer system. 

Figure 4 shows the third generation of 
manned spacecraft. This is the main display 
console for the Command Module in Apollo. 
Some of the important displays on this panel 
are as follows. 

Panel Display 

1 The altimeter 

2 FDAI switches and an independent ac- 

celerometer output along the main fore- 
and-aft axis of the spacecraft 

3 Engine data for both the launch vehicle 

and the propulsion system 

4 The flight director attitude indicator 

5 Launch vehicle status lights 

6 Attitude-set group 

7 Direct ullage information 

8 Various switches 

9 VHF antenna controls 

10 and 11 Various status lights 

12 Reaction control system indicators 

13 Communications switches and data 

14 Display and keyboard assembly through 

which the astronaut communicates with 
the computer in Apollo (this will be 
covered in more detail later) 

15 to 20 Various indicators and a number of 

switches for controlling various sub- 
systems comprising this relatively com- 
plex spacecraft 

Figure 5 shows another important display 
and control panel in the Command Module — 
the guidance and navigation panel located in 
the lower equipment bay. Apollo provides the 
astronaut with the capability of navigating his 
spacecraft completely independent of ground 
control. This capability is exercised through 
this panel. Here, we can see the two major op- 
tical elements: the scanning telescope and the 
sextant shown in panel 4. Panel 2 shows the 
instantaneous angular positions of the various 
gimbals on the inertial measurement unit and 
the optical subsystem, and panel 6 is the display 
and keyboard assembly through which the 
astronaut communicates with the computer. 
With this system, the astronaut measures the 
angle between a star and a landmark on either 


the Earth or the Moon or measures the angle of 
the star with the horizon of these planetary 
bodies; this information is entered automati- 
cally into the computer, and the position of the 
spacecraft is determined automatically. Panel 
5 contains various controls for carrying out 
navigation operations. 

Figure 6 shows the relative location in the 
spacecraft of the guidance and navigation dis- 
play and control panel and of the main display 
and control panel. 

Figure 7 is the display and control system in 
the Lunar Module. The Lunar Module is the 
first manned spacecraft designed specifically to 
operate solely in conjunction with a second 
spacecraft and not to have an Earth-return ca- 
pability. The Lunar Module has been designed 
without benefit of precedence and it contains 
enough duplication and crew-machine inter- 
action to assure mission success. In this figure 
we can see that the right and left panels, that is, 
10, 11, 12, and 1, 2, and 3, are made up largely 
of circuit breakers and switches for control of 
various subsystems. The triangular units 
toward the middle are the windows for the com- 
mand pilot and the pilot of the Lunar Module. 
Panels 7 and 8 are the flight instrument panels. 
Panel 5 is the display and keyboard assembly, 
through which the crew communicates with the 
computer of the primary guidance and naviga- 
tion system. 

Figure 8 shows panels 5, 6, 7, and 8 of the 
Lunar Module in greater detail. Note that 
each pilot is provided a flight-director attitude 
indicator (eight-ball) . There is also a series of 
instruments showing the temperature, pressure, 
and throttle setting for the main propulsion 
system and similar data for the reaction control 
system. The dials or the pointers show both 
fore-and-aft velocity and right-and-left veloc- 
ity. To the right of the FDAI, on the left- 
hand panel, can be seen the abort buttons. 

Figure 9 shows the face of the Apollo guid- 
ance computer, the display and keyboard as- 
sembly (DSKY). This display and control 
unit is a very significant element in the third- 
generation spacecraft, and may be of further 
significance if applied to high-performance air- 
craft. It is the means by which the pilot and 




DISPLAY REQUIREMENTS FOR ADVANCED MANNED SPACECRAFT 








Figure 5. — Apollo spacecraft guidance and navigation panel (Command Module). 


the computer are integrated into a single, uni- 
fied system. This unit is on the main display 
panel of the Command Module, at the main 
guidance and navigation station in the lower 
equipment bay of the Command Module, and at 
the lower part of the main display panel in the 
Lunar Module. The unit is identical in all 
cases. It was made identical for ease of crew 
training and also for economy in production. 
The unit for each spacecraft is produced from 
the same production line at the factory. The 
DSK Y contains certain lights to show the status 


of the computer. It also contains some 
switches, as indicated in figure 9. It contains a 
number of buttons such as the “key release,” 
“error reset,” “clear,” “verb,” “noun,” “enter,” 
numbers “0” through “9,” “plus,” and “minus.” 
It contains an electroluminescent display of 
“program,” “verb,” and “noun,” and three five- 
digit displays below these indicators. The “pro- 
gram,” “verb,” and “noun” each contain two- 
digit displays. The crew can select any one of 
100 programs which are associated with the 
various mission phases, such as midcourse cor- 
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Figure 6. — Location within the spacecraft of the main 
guidance and navigation display and control panels. 


rection program or lunar landing program. 
The crew can select for each of these programs 
any one of 100 verbs and 100 nouns. Hence, in 
each program the crew may choose 10 4 sen- 
tences, each consisting of a verb and a noun. 
For example, in the program corresponding to 
the lunar orbital phase, the crew may select a 
verb such as “compute” and a noun such as 
“abort velocity.” The orthogonal components 
of abort velocity would be provided on the three 
five-digit displays below the “verb” and “noun” 
displays. These numbers would be constantly 
changing and would give the crew the abort 
velocity for safe return to the Earth if an abort 
were chosen at that precise moment while in 
lunar orbit. With 10 4 sentences for each pro- 
gram and 10 2 programs, 10 6 types of communi- 
cation are available between the computer and 
the astronaut. This communications capabil- 
ity is limited only by the memory capacity of 
the computer, by the software developed for the 
computer prior to the mission, and by the crew’s 



Figure 7. — Display and control system (Lunar Module). (1) Commander’s upper side console: circuit-breaker 
panel. (2) Commander’s center side console: power distribution panel;' audio control panel. (3) Com- 
mander’s lower side console: pyrotechnics console panel; radar panel; abort guidance panel. (4) Com- 
mander’s lighting control panel. (5) Primary guidance and navigation panel. (6) Lower center panel: 
cryogenic storage panel ; stabilization and control panel ; power generation panel. (7) Commander’s center 
panel. (8) Systems engineer’s center panel. (9) Systems engineer’s lighting control panel. (10) Systems 
engineer’s upper side console: circuit-breaker panel. (11) Systems engineer’s center side console: power 
distribution panel. (12) Systems engineer’s lower side console: audio control panel; communications 
antenna panel. 




Figxjee 8. — Detail of panels (5), (6), (7), and (8). 
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Figure 9. — Apollo guidance computer; display and 
keyboard assembly. (Representative only of display 
data and control functions, not physical configura- 
tion and arrangement.) 


ability to use this system under all conceivable 
situations. Probably the latter is the limiting 
factor in the full exploitation of this capability. 

Man-Machine Relations 

What is the relative role of man and auto- 
mated systems for control during the Apollo 
mission? Man will be the primary controller 
of the vehicle during the terminal phases of ren- 
dezvous, during the transportation and docking 
maneuver, and during descent below 1000 feet 
during the lunar landing maneuver. The 
transposition and docking maneuver is per- 
formed soon after injection from Earth orbit 
toward the Moon, at which time the Command 
and Service Modules are pulled away from the 
Saturn IY-B and Lunar Module. The Com- 
mand Module is docked with the Lunar Module 
enabling the astronauts to enter the Lunar 
Module via the docking tunnel. At all other 
times throughout a nominal lunar mission, the 
vehicles will be controlled automatically. The 
astronaut will be monitoring the performance 
of the vehicle and will take over and control 
it manually in the event of equipment mal- 
functions. 


The astronaut will compare the performance 
of redundant systems and will choose the solu- 
tion that compares most closely with his own 
simplified solutions made from charts and nom- 
ograms. During Gemini rendezvous, for ex- 
ample, the astronaut compared the ground- 
calculated solution and the onboard closed-loop 
solutions calculated by his guidance system 
with a simplified solution made from charts pre- 
pared prior to the mission. The time of mak- 
ing burns and the magnitude of bums were 
chosen by the astronaut after comparing these 
three sources of data. During reentry, as an- 
other example, the astronaut had a predeter- 
mined nominal trajectory which he compared 
with the onboard derived closed-loop solution. 
He could choose to fly either automatically or 
manually with the onboard solution, or he could 
fly manually with the precalculated nominal 
solution. 

The issue of man versus automatic guidance 
in spacecraft has too often been stated as a dis- 
agreement between the humanist and the tech- 
nologist — the pilot and the engineer. This is 
a complex engineering situation which is ame- 
nable to solution by conventional engineering 
criteria. Man’s role in guidance and control 
tasks may be evaluated on a technical basis by 
considering such factors as size, weight, power, 
bandwidth, versatility, reliability, and cost in 
relation to mission requirements. To perform 
such an engineering evaluation, the realistic 
aspects of the underlying engineering char- 
acteristics of a man as well as the automatic 
components must be evaluated. 

The appropriate role of man in stabilization, 
control, and guidance of spacecraft is not as a 
permanent component of any of the normal 
action patterns, except in specific portions of the 
missions such as rendezvous or landing. He 
performs primarily as an off-line parallel or 
complementary observer. He must be pro- 
vided with information in a form which is 
usable. If he can be provided with redundant 
information from dual sources, and if he is well 
trained and is carrying with him the proper 
aids, the pilot can act intelligently to enhance 
greatly the reliability and capability of his 
spacecraft guidance and control system. 




MEDIA REQUIREMENTS FOR GENERAL AVIATION 


Charles H. Gould and Roger L. Winblade 
National Aeronautics and Space Administration , Washington , D.G. 


General aviation includes all civil flying ex- 
cept that performed by the interstate and intra- 
state air carriers operating large aircraft. It 
embraces a multitude of aircraft uses ranging 
from pleasure flying and the transportation of 
people and cargo in privately owned aircraft 
by business firms, to such specialized uses as 
crop dusting, pipeline patrol, and aerial adver- 
tising. 

In recent years there has been a strong up- 
trend in all areas of general aviation activity. 
All current indications are that this trend will 
continue and will even accelerate. There are 
around 110 000 general aviation aircraft in the 
current fleet, and about 15 000 are produced a 
year. The figures show that while the whole 
fleet is increasing, the preponderance of aircraft 
will be of the single-engine passenger type. 

The general aviation fleet which emerged 
over the past 20 years has adopted such concepts 
as all-metal construction, tricycle landing gear, 
and navigation/communication avionics. In 
general, though, today’s aircraft differ from 
their counterparts of 20 years ago, primarily be- 
cause of increased engine power and payload 
with the corollary benefits of increased cruise 
speed and range. 

Current light aircraft can make a 400- to 
800-mile trip in 4 hours; this has established 
these aircraft as fine transportation for that 
relatively small segment of the population able 
to cope with the cost, pilot skill, and knowledge 
requirement. However, the use of these longer 
range aircraft for transportation greatly in- 
creased the probability of encountering poor 
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weather on at least some segment of a trip. For 
effective utilization, the general aviation pilot 
is faced with virtually the same task as the 
professional military and commercial pilots. 
The training and proficiency are usually lower, 
resulting in much higher relative workload. 
Unfortunately, the displays with which the 
general aviation pilot must function, for the 
most part, have not been designed with total 
pilot workload as a major consideration. 

It is true that many techniques exist that 
could reduce the pilot workload in general avi- 
ation aircraft such as stability augmentation, 
procedures, and displays. In general, these dis- 
play advances have not been applied because 
of cost. The difficulties encountered under IFR 
flight in general aviation aircraft are not 
unique, and, for the most part, similar problems 
have been encountered and solved in military 
and commercial systems. While technically 
compatible, very few of these solutions can be 
used by general aviation because of the high 
cost. 

The direct result of the pilot workload reach- 
ing total pilot capacity, coupled with the lack 
of workload-relieving displays and controls, 
is an increasing rate of clearance deviations, 
near-misses, and eventually accidents involving 
general aviation. The potential market growth 
of general aviation may never be achieved due 
to this situation. Displays, and especially dis- 
play media and hardware, offer the promise 
of solution to these problems. 

An immediate need in general aviation is the 
development and production of equivalents to 
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those workload-relieving devices available to 
commercial and military aircraft. The result- 
ing user cost of direct duplication is prohibi- 
tive; consequently, considerable effort must be 
directed toward achieving comparable func- 
tions, accuracy, and reliability through new 
techniques. The techniques of display format 
design are in hand, but could probably be 
greatly improved for the general aviation pilot. 
The techniques of display media, in order to 
display the required information for general 
aviation, are not now sufficient. The results of 
this symposium Should be viewed with this in 
mind. 

One thing is clear. The workload advantages 
of an integrated display, whether for naviga- 
tion, flight control, or engine status, indicate the 
desirability of the integrated approach format 
in general aviation. Electromechanical dis- 
plays, the mainstay of general aviation display 
media, are seldom suited to complex, two- 
dimensional integrated formats. The media 
papers scheduled during this symposium de- 
scribe, in general, more suitable approaches. 
The economics, reliability, and compatibility 
with existing avionic equipment must be 
stressed. 

It seems possible that in the future we can 
consider digital computer-driven displays for 
general aviation, for the following reasons: 

(1) Routine flight management requires 
many computations which, though relatively 
simple individually, are a major workload 
factor in total. 


(2) Small multipurpose digital computers, 
comparable in complexity and cost to a good 
desk calculator, can greatly reduce this work- 
load, and probably will appear in general 
aviation aircraft. 

(3) At present, many display devices include 
low-order computation, which, in total, justifies 
consideration of centralized computation. 

Coupling these factors, computer-driven inte- 
grated displays are a possibility for general 
aviation, provided the total installed system cost 
can be made competitive. 

A major factor in general aviation displays, 
almost completely aside from the technical fac- 
tors we have discussed, is the marketing side of 
the picture. General aviation manufacturers 
will produce what will sell, and display devel- 
opment programers should keep in mind that 
eventual market reduction will be necessary. 
Also, the range of capability demanded by the 
customers implies a system modularity. In 
other words, some customers may want complete 
and dual navigation equipment, while others 
may want a minimum. In fact, each aircraft 
is a personal vehicle, and will reflect the indi- 
vidual’s desires, biases, and financial capability. 

If these general aviation requirements are 
considered in display media developments and 
adequate displays are made available, a major 
contribution to this important and expanding 
field will be possible. With increased safety 
will come increased utilization and a larger 
market potential. 
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RECENT ADVANCES IN CATHODE-RAY-TUBE 

DISPLAY DEVICES 


Joseph A. Davis 

Purdue University , Fort Wayne Regional Campus 


The present state of the art in cathode-ray -tube (CRT) displays is reviewed, and current 
research and development in CRT components is described, along with the most recent 
application of these materials. Future prospects regarding the CRT are discussed. The 
major points discussed in this paper include the following : methods for generating electrons ; 
developments in luminescent materials; resolution, brightness, and contrast techniques; 
new display tubes; developments in color CRT technology; developments in bandwidth 
reduction ; and developments in projection display techniques. 


Introduction 

The CRT is a well-known electro-optical 
conversion device which, in its simplest form, 
consists of a source of electrons, called the cath- 
ode, and a luminescent material, or phosphor, 
deposited on the inner surface of an optically 
transparent container that is evacuated to a 
pressure less than 10 -6 torr. The electrons emit- 
ted by the cathode can be collimated into a beam 
and deflected by means of electric and/or mag- 
netic fields and, hence, be directed to impinge 
on any area of the phosphor layer (or, as it is 
normally referred to, the phosphor screen). 
The electron beam can be made to trace a 
regular pattern or raster on the phosphor screen 
electronically. Modulation of the beam is accom- 
plished by inserting a control grid near the cath- 
ode and applying a variable voltage to the grid. 

Within the past year, a number of articles 
have appeared in the literature describing a 
variety of applications of CRT’s. The design 
factors to consider in choosing a CRT for in- 
formation display have been recently described 
(ref. 1). This paper describes operating volt- 
age, power, brightness, sensitivity, size of the 


display, deflection and focusing methods, and 
resolution capability and their interrelation- 
ships. The information presented should pro- 
vide a convenient guide for the system designer. 

An earlier article (ref. 2) describing CRT’s 
for display systems should prove useful in con- 
junction with reference 1. More attention is 
given to electron-gun types, resolution measure- 
ment, and tube life. 

Graham (ref. 3) has reported the use of a 
standard CRT monitor in alphanumeric dis- 
plays. DuBois (ref. 4) discussed a miniature 
CRT for the same purpose, approximately % 
by 1 inch, which operates under low-power con- 
ditions, providing a display easily readable in a 
moderately lighted room. 

The use of the CRT as a microscope has been 
applied to the examination of missile case-wall 
materials by converting the X-ray image to an 
electrical signal through an X-ray vidicon (ref. 
5). There are many applications of CRT’s as 
the interface between man and machine for the 
purpose of displaying stored information. 
Winfield (ref. 6) reported on a computer- 
controlled, multicha n nel CRT symbol genera- 

m 



86 


RECENT ADVANCES IN DISPLAY MEDIA 


tor. Stotz and Cheek (ref. 7) described the use 
of a direct-view storage tube with an alpha- 
numeric keyboard console as a replacement for 
the remote teletypewriter connected to a central 
computer. The use of a CRT-computer com- 
bination in the educational field has also been 
reported (ref. 8) . In this system, which has as 
many as 32 stations connected to a central proc- 
essing unit, the student uses a light pen device 
to indicate answers to questions by covering the 
correct figure on the CRT face. A discussion 
of the sensitivity of the light pen is given in 
reference 9, while reference 10 describes the 
operation and use of the beam pen. 

The light pen is used to detect light produced 
on a CRT screen employing a photomultiplier 
or similar light-sensitive device. The beam 
pen, however, actually detects the electron beam 
producing the luminescence on the phosphor 
screen. It is a conducting probe capacitively 
coupled to the beam, and, as the beam ap- 
proaches the pen, the capacitance decreases and 
the signal increases. 

To complete this survey of CRT uses, 35 
models of display consoles, described in refer- 
ence 11, are also included, along with sugges- 
tions for proper selection. 

The remainder of this discussion will be de- 
voted primarily to developments recently re- 
ported and also to the few new discoveries that 
have not been described in the easily accessible 
literature. A description of the more recent re- 
search studies will be given from which new and 
improved materials for CRT fabrication result, 
because the capabilities of the next generation 
of CRT’s are determined by the more fundamen- 
tal studies of today. 

Methods for Generating Electrons 

There are four significant areas of study — re- 
search on the “cold cathode,” the nonstoichio- 
metric compound thermionic cathode, the well- 
known mixed alkaline earth oxide cathode, and 
the pure metal or alloy cathode. 

The effort in cold cathodes is now taking an 
approach familiar to the semiconductor scien- 
tist; namely, the application of III-V com- 
pound semiconductors such as gallium phos- 
phide with platinum, tungsten, or other metals 


evaporated onto the surface, and barium oxide 
evaporated onto such metals as tungsten (fef. 
12) . These studies are being done in an effort to 
lower the surface barrier sufficiently to permit 
electrons to escape into the vacuum region by 
application of an electric field. At present, the 
most promising combination appears to be 
GaAs/Cs, in which the electron affinity appar- 
ently approaches zero. Band bending occurs 
with very thin GaAs layers, and emission effi- 
ciencies of 50 percent are claimed (refs. 13 and 
14) based on photoemission studies. The com- 
bination of evaporated BaO on GaAs is also 
under study. It is felt that negative values of 
electron affinity will be obtained, giving still 
higher emission efficiencies. 

The nonstoichiometric compound-type ther- 
mionic cathode research has evolved from the 
initial field emission studies (ref. 15) and re- 
ports on cathodes (refs. 16 and' 17) . The emis- 
sion studies have shown that a pronounced min- 
imum in the work function occurs, which 
appears to be attributable to a mixture of 
Sr 3 W0 6 and SrW0 4 on tungsten. The prepar- 
ative conditions are such that a high degree of 
nonstoichiometry exists in the final surface after 
thermal activation. Lowering the work func- 
tion of a surface permits greater ease of removal 
of electrons; hence, one can expect to obtain a 
more copious electron emission and/or much 
lower operating voltage current conditions. 

An investigation (ref. 18) of alkaline earth 
tungstates for thermionic cathodes is presently 
being conducted, based primarily on the work 
of Cape and Coomes. The very low work func- 
tion of these cathodes promises high current 
densities, possibly as much as 100 A/cm 2 . 

The studies of high-current, high-resolution 
CRT’s have led to the development of high-cur- 
rent-d'ensity cathodes in which current densities 
of 10 to 20 A/cm 2 have been obtained. How- 
ever, some attendant serious problems exist 
regarding ease of contamination by gaseous 
substances. These newer cathodes are com- 
posed of a mixed alkaline earth basic tungstate, 
with tungsten metal powder and zirconium 
hydride (ZrH 2 ). They are formed at high 
pressure and' activated at elevated temperatures. 
Under these conditions, a nonstoichiometric 
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alkaline earth tungstate compound is, in all 
probability, formed. Under ideal conditions of 
preparation, including careful cathode design 
and exclusion of gases, these cathodes exhibited 
extremely long life (9000 hours) and 1 high 
current densities. 

The conventional triple-oxide-on-n i c k e 1 
thermionic cathode (BaO, SrO, CaO) up to now 
was capable of producing 1 A/cm 2 under the 
most ideal conditions (ref. 19). A recent pa- 
per (ref. 20) on the high current density opera- 
tion of oxide-coated cathodes describes the 
achievement of high current density output 
from diode- and triode-structure cathodes under 
dc and pulsed conditions. In diode structures, 
current densities as high as 6 A/cm 2 (dc opera- 
tion) were realized, while in triode structures, 
2 A/ cm 2 current densities were obtained. Life- 
times on the order of 1500 hours at current 
levels greater than 1 A/cm 2 were obtained 
through improved tube processing and design 
techniques with triodes. Interestingly, the 
limitations on tube operating conditions and 
life were found to be attributable to tube ele- 
ments other than the oxide cathode itself. 

The efforts of Albert, Atta, and Gabor (ref. 
21) in thermionic converter research have led to 
an improved all-metal electron emitter. Mix- 
tures of tungsten, thorium, and a small amount 
of zirconium, coated on tungsten wire, produced 
emission densities up to 30 A/cm 2 . When 
tungsten carbide was substituted for tungsten 


powder in the mixture, even higher emission 
densities were obtained, with operating temper- 
atures as high as 1600° C. Lanthanum may be 
substituted for thorium, yielding equivalent 
emission densities at temperatures about 200° 'C 
lower. In these substitutions, the emission den- 
sity for safe operation is about 10 A/cm 2 . If 
hafnium is substituted for zirconium, signifi- 
cantly higher current densities are obtained 
(about 100 A/cm 2 ). The lifetimes of these 
cathodes are comparable to pure tungsten cath- 
odes. The role of the small concentrations of 
hafnium or zirconium in these cathodes appears 
to be one of a “mobilizer,” which increases the 
rate of transport of activator atoms, lanthanum 
or thorium, to the surface of the cathodes. A 
summary of the various types of cathodes is 
given in table I. 

Developments in Luminescent Materials 

Factors that should be considered when dis- 
cussing new phosphors include the measured 
characteristics of the phosphor powder and the 
measured characteristics of the screen in a tube. 
Each year many new phosphor powders are 
synthesized and reported, but few ever find ap- 
plication in a device. The measurement of 
phosphor parameters in tubes is therefore 'an im- 
portant factor. The various ways in which 
measurements can be carried out and the rela- 
tive merits of these methods have been reported 
and discussed (ref. 22). 


Table I . — Cathode Characteristics 


Type 

Composition 

Maximum 
emission i 
density, 

A/ cm 2 

Operating 
tempera- 
ture, °C 

Life, 

hr® 

Cold cathode _ _ 

GaAs/Cs . . . 





GaP/W. _ 


> Room 

Very long 


BaO/Pt(W) ... . . . 



GaAs/BaO 


J 


N onstoichiometric. _ _ __ 

Ba-Sr- tungstate/ W __ __ _ _ _ 

20 

1000 

9000 


Sr 3 WO r SrWO,/W__ 

100 

1000 

Pure metal _ _ ___ 

W-Th(La)-Zr(Hf) 

100 

1400 

1000 

Triple oxide. . ... 

BaO-SrO-CaO/Ni 

6 

727 

1500 





° Life measurements not at maximum emission density. 
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Figure 1. — Attainable color gamut in CRT’s and loca- 
tion of lanthanide-activated phosphor coordinates. 


New Visible-Emitting Phosphors 

The most recent compositions are based al- 
most exclusively on rare-earth-activated host 
crystals. Specifically, the europium-activated 
oxides, or oxy sulfides such as yttrium oxide (ref. 
23), yttrium vanadate (refs. 24 and 25), gado- 
linium oxide (refs. 26 and 27) , and yttrium oxy- 
sulfide (refs. 24 and 25), are among the most 
efficient yet synthesized. All emit narrowband 


luminescence in the red region of the visible 
spectrum. Zinc sulfide activated with thulium 
has a narrowband emission in the blue region 
and is comparable to zinc sulfide-silver in visual 
brightness, but has a lighter blue emission and 
is therefore not considered suitable for color 
television. Indium orthoborate activated with 
terbium has an efficient green emission compara- 
ble to P-1, zinc silicate-manganese (refs. 28 
and 29). With regard to improvement in the 
color gamut (the range of chromaticity coordi- 
nates) of full-color displays, the most obvious 
need is to increase the y chromaticity coordinate 
of the phosphor as illustrated in figure 1. The 
newer visible-emitting phosphors and their 
characteristics are shown in table II. 

The energy conversion efficiency of phosphors 
under electron excitation has been calculated 
for several selected materials (refs. 30, 31, and 
32). The efficiencies for some of these phos- 
phors are shown in table III. 

It is interesting to note that only the sulfides 
exhibit efficiencies higher than 15 percent, while 
most oxides are less than 10 percent. 

To illustrate the relative intensities of lumi- 
nescence, the spectral energy distribution for 
several new phosphors and two well-known 
phosphors is shown in figure 2. All of the 
emission curves were recorded under identical 
conditions of current density and accelerating 
voltage on powder samples for each phosphor 
and are uncorrected for monochromator and 
photomultiplier wavelength sensitivity varia- 


Table II. — Visible-Emitting Phosphors 


Composition 

CIE coordinates 

Peak 

wavelength, 

Radiant 

efficiency, 


X 

y 

nanometers 

percent 

ZnS : Tm 

~0. 11 

~0. 10 

478 


InB0 3 :Tb 

. 31 

. 66 

542 

550 

8 

Y 2 0 3 :Eu . . . . . _ _ _ — 

. 64 

. 36 

611 

7 

YV0 4 :Eu 

.675 

. 325 

615 

619 

7 

Y 2 0 2 S:Eu 

. 66 

. 34 

615 

630 

7 

Gd 2 0 3 Eu_ _ _ _ __ — 

. 64 

. 36 

611 

8 
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Table III. — Conversion Efficiency of Selected Phosphors 


Composition 

Code No.“ 

Peak 

wavelength, 

nanometers 

Measured 

conversion 

efficiency, 

percent 

ZnS : Ag_ 

NBS 1020 

452 

21 

ZnS : Cu 

NBS 1022 

525 

11 

ZnCdS : Ag 

NBS 1023 

570 

19 

ZnCdS : Ag_ _ _ __ 

NBS 1024 

590 

12 

Zn 2 SiC> 4 : Mn _ _ _ _ _ _ ___ 

NBS 1021 

525 

8 

ZnS.-Mn 


591 

4 

ZnO:Zn_ __ _____ 

P-15 

505 

7 

CaWQt 


430 

3 

CdSiOa : Mn 


590 

5 

Zri 3 (P Oa) ? : M n __ 

NBS 1025 

643 

6 






“The National Bureau of Standards (NBS) phosphors correspond to the following P-number phosphors: 

1020 Blue component of P-4 all-sulfide phosphor 

1021 P-1 

1022 P-2 

1023 Yellow component of P-4 all-sulfide phosphor 

1024 Orange component of P-14 phosphor 

1025 Red component of old P-22 phosphor 

tions. A corrected set of curves would show 
about a twofold improvement in the output of 
the red phosphor. 

New Ultraviolet-Emitting Phosphors 

The P-16 type phosphor, calcium magnesium 
pyrosilicate-cerium-lithium (ref. 33) and P-15, 
a zinc oxide phosphor, have been the only useful 
uv phosphors employed for over a decade. 

The main application for such phosphors has 
been in flying spot scanning tubes, in which 
the primary attribute of the phosphors has been 
their rapid decay properties. In recent years, 
however, increased interest in the use of phos- 
phors having high-intensity emission in the 
ultraviolet has been demonstrated for the pur- 
pose of dry-film recording. The P-16 phosphor 
is employed for this purpose, but considerable 
difficulty has been encountered because of the 
rather high power output required for available 
dry-film materials and the fact that the P-16 
phosphor experiences rapid aging or deteriora- 
tion under high-current-density operation in 
CRT’s. 

Within the past 3 years, two significant stud- 
ies have been conducted to develop new ultra- 


violet phosphors (refs. 34 and 35) . While some 
discrepancies have been found (ref. 34), a num- 
ber of promising materials were discovered, and 
several new and improved phosphors were re- 
ported (ref. 35) . The spectral energy distribu- 
tion for several of these phosphors is shown in 
figure 3. Also shown is a new ultraviolet phos- 
phor which exhibits an energy emission inten- 
sity nearly twice that of P-16 and at a peak 
wavelength of 300 nanometers. 



Figure 2. — Spectral energy distribution for visible- 
emitting phosphors. 1. ZnS : Ag :C1. 2. ZnS :Tm. 3. 
Zn 2 Si0 4 :Mn. 4. InB0 3 :Tb. 5. YV0 4 :Eu. 
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Table IV. — UV-Emitting Phosphors 


Composition or code designation 

Peak, 

nano- 

meters 

Accumulated 
charge density 
to 50% point, 
C/cm 2 

Peak 
intensity, 
% relative 
P-16 

•a 

Decay 

time, 

jusec 

Ca2MgSi 2 0 7 : Ce 

385 

0. 1 

100 

0. 06 

CaSiO-i : Pb - - - 

345 

20 

. 23 

CaaSfeOrrPb-- 

355 

>0. 1 

40 

. 19 

BaS^Os : Pb - - _ _ _ 

355 

0. 1 to 1. 0 

150 

. 25 

JJ13K 

300 

>0.1 

180 

. 25 

SrSi 2 0 5 :Pb _ ... 

280 

40 

. 25 





Figure 3. — Spectral energy distribution for uv-emitting 
phosphors. 1. SrSi s Ch> :Pb. 2. ITT phosphor J J-13K. 
3. BaSisOs :Pb. 4. CaiShO- :Pb. 5. P-16. 


Table IV contains selected ultraviolet phos- 
phors and their pertinent properties. 

It is noteworthy that all the newer uv-emit- 
ting phosphors contain lead as an activator, and 
most are silicate compounds. In addition, table 
IV shows that all of the phosphors reported 
have longer decay times than the P-16. These 
decay times have been determined by the 
method of Sisneros (ref. 36). 

Infrared-Emitting Phosphors 

While there is relatively little interest in 
phosphors emitting in the infrared spectrum, 
it is appropriate to point out that such phos- 
phors do exist. Table V lists several repre- 
sentative phosphors and their characteristics. 
It is interesting that, from a theoretical stand- 
point, preferential emission from the phosphors 
ZnS :Ag : V or ZnS :Cu : V is entirely from the 
2.0-/;, band of vanadium (ref. 37) . The normal 


silver- or copper-activated visible emission is 
“quenched.” Cobalt and iron, normally con- 
sidered as luminescence poisons, actually have 
emission bands in the infrared; while nickel, 
another efficient “poison,” apparently does not 
have an infrared emission band, at least below 
5.0/i (ref. 38). 

Registered Phosphors 

At the request of the Electronic Industries 
Association (EIA), the Joint Electron Device 
Engineering Council ( JEDEC) Committee 6.3 
has recently revised and expanded their publi- 
cation (formerly no. 16, now no. 16A) (ref. 39) 
on the optical characteristics of CRT screens. 
In order to register phosphors, certain require- 
ments or rules must be fulfilled, as specified in 
reference 39. Some representative phosphor 
registrations are given in table VI. 

JEDEC publication 16A is quite useful to 
the CRT display engineer in that a special CRT 
incorporating any of the listed phosphors can 
readily be obtained from most CRT producers. 

The most recent registration of P-number 


Table V. — Infrared-Emitting Phosphors 


Composition 

Peak 

wavelength, 

M 

Conversion 

efficiency, 

percent 

ZnS: Ag:V_. 

2. 0 

2. 5 

ZnS:Cu:V__ 

2. 0 

. 5 

CdSe:Cu: Ga 

1. 2 

. 7 

CdSe: Au:In„ 

1. 2 

. 6 

ZnS : Fe 

. 66 


ZnS: Co 

3. 2 
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x 

phosphors is listed in table 1 VII. All appear 
to be nearly identical with earlier P-number 
phosphors registered, except the persistence 
(decay) is made shorter, or longer, than their 
earlier counterparts by variation in synthesis 
methods. The use of a given P number to 
represent several completely different phos- 
phors, or phosphor combinations, is confusing 
to the design engineer, and there is an obvious 
need for clarification of the P-number designa- 
tion method. 

Resolution, Brightness, and 
Contrast Techniques 

Fundamentally, resolution and brightness 
are limited by a number of fixed conditions in 
a CRT. Resolution is determined by the beam- 
spot size and the phosphor particle (or, more 
correctly, aggregate) size, disregarding other 
contributing factors such as screen thickness 
and type of viewing surface. Brightness is 
limited by the screen current attainable and 
phosphor luminous efficiency, in addition to the 
limited controllable conditions of light absorp- 
tion and reflection in the phosphor and viewing 
surface. Achieving high contrast is one prob- 
lem area that has been solved in the “optical 
diode” CRT, to be described later. 

The relation between these and other quan- 
tities has been discussed quite recently (ref. 
40), with particular attention given to very- 
high-resolution CRT’s exceeding the resolving 
power of the human eye. The spot size of the 
electron beam is described, along with the effects 
of tube geometry on resolution. In addition, 
phosphor light output, blemishes, noise, and 
uniformity are discussed, giving special atten- 
tion to the associated electronic equipment. 

Image-recognition experiments (ref. 41) 
have been conducted wherein a raster scan dis- 
play was used to examine the effects of varia- 
tions in visual angle, active to inactive raster 
line ratio, number of raster lines, contrast, im- 
age classes, dimension ratios of images, and 
image orientation. 

Several observations may be made regarding 
brightness and resolution, which have not been 
described extensively. Because simultaneous 
high resolution and brightness are incompatible, 


a compromise is always necessary, and is de- 
termined by the particular requirement for the 
CRT display. This incompatibility was con- 
siderably lessened by the phosphor scientist, in 
that the old idea that phosphor efficiency de- 
creased with particle size has been proved false. 
It is now possible by suitable synthesis tech- 
niques to prepare small-particle phosphors with 
light output equal to the more familiar large- 
particle compositions. Phosphors with average 
particle size of 0.5 //, can be synthesized. This 
achievement, coupled with the anticipated de- 
velopments in very high current density cath- 
odes, should make possible a significant im- 
provement in high-resolution, high-brightness 
CRT’s. Full realization of this improvement 
will require fiber optic faceplates on the CRT. 
Currently, fiber optic faceplates are available 
with 85 percent transmission in the visible spec- 
trum and a fiber diameter of 4 fx. 

The “optical diode” approach (refs. 42 and 
48) to high-contrast CRT’s is one of the more 
unique and interesting developments in recent 
years. Basically, the system incorporates two 
filters : a uv-transmitting, visible-absorbing fil- 
ter, and a visible-transmitting, uv-absorbing fil- 
ter. A diagram of the faceplate structure is 
shown in figure 4. 

A uv cathodoluminescent phosphor is excited 
by the electron beam. This uv phosphor is set- 
tled on a uv-transmitting, visible-absorbing 
bandpass filter. The uv luminescence excites a 
visible emitting phosphor sandwiched between 
the uv-transmitting, visible-absorbing layer and 
a visible-transmitting, uv-absorbing bandpass 
filter. Thus, only the luminescence emission in 
the visible is transmitted through the filters to 
the viewer, while ambient light is absorbed in 
these filters, thus rendering an extremely high- 
contrast image. 

Palilla (ref. 25) has discussed the possible 
application of narrowband phosphors to high- 
contrast color CRT’s. Employing three rare- 
earth-activated phosphors emitting narrowband 
luminescence in the blue, green, and red spectral 
regions, and a narrow-bandpass filter corre- 
sponding to these narrowband phosphors, one 
can effectively absorb ambient illumination and 
realize a reasonably high-contrast display. 



Table VI . — Characteristics of Selected P -Number Phosphors 


P No. 

Composition 

CIE 

coordinates 

Peak 

wave- 

length, 

nano- 

meters 

Decay 
time 
to 10% 
level 

Color 

Uses 

X 

y 

FI “ 

Phos b 

P-1 

Zn 2 SiO- 4 : Mix _ 

0. 218 

0. 712 

525 

24 msec 

YG 

YG 

Radar, oscilloscopes. 

P-2 

ZnS : Cu 

. 279 

. 534 

543 

35 to 100 n sec 

YG 

YG 

Oscilloscopes. 

P-4 

ZnS: Ag+ 

. 270 

. 300 

440 

25 Msec 

W 

W 

Black and white standard. 


'7n S (Afb CHS /'501 Ap- 



565 

60 n sec 













P-5 

CaW0 4 

. 169 

. 132 

430 

25 Msec 

B 

B 

Photography. 

P-7 

ZnS: Ag+ 

. 151 

. 032 

440 

40 to 60 Msec 

W 

YG 

Radar and oscilloscopes. 


ZnS-CdS-Cu 

. 357 

. 537 

560 

0.4 sec 




P-11 

ZnS : Ag - - .. - 

. 139 

. 148 

460 

25 to 80 Msec 

B 

B 

Photography. 

P-16 

Ca 2 MgSi 2 0 7 :Ce-- 

. 175 

. 003 

385 

~0.12 Msec 

UV 

UV 

Flying spot scanning systems and 









photography. 

P-20 

ZnS-CdS: Ag__ 

o. 444 

«. 536 

520-560 

0.05 to 2 

Y to YG 

Y to YG 

Image-conversion devices. 






msec 



TV-P-4 yellow comp. 

P-22B 

ZnS : Ag 

. 155 

.060 

440 

~25 Msec 

B 

B 

Color TV. 

P-22G 

ZnS:CdS: Ag 

. 285 

. 600 

520 

60 Msec 

YG 

YG 

Color TV. 

P-22R 

YV0 4 :Eu 

. 675 

. 325 

615-619 

0.9 msec 

OR 

OR 

Color TV. 

P-25 

CaSi0 3 :Pb:Mn_ 

. 557 

.430 

610 

45 msec 

O 

O 

Long-persistence displays up 









to 10 sec. 

P-27 

Zn 3 (P0 4 ) 2 :Mn 

. 674 

. 326 

635 

27 msec 

R-0 

R-0 

Color TV monitors. 

P-28 

ZnS : Ag : Cu _ 

. 370 

. 540 

550 

~0.5 sec 

YG 

YG 

Radar. 

P-31 

ZnS : Cu . 

. 193 

. 420 

522 

4 Msec 

G 

G 

Oscilloscopes — high efficiency 









phosphor. 

P— 33 


. 559 

. 440 

585 


O 

O 

Radar — very long decay. 

P-34 

ZnS : Pb : Cu 

. 235 

. 364 

490 

~40 sec 

BG 

YG 

Oscilloscopes, radar, visual. 



409 

564 

535 




Information storage. 

P-35 

ZnS-ZnSe: Ag__ _ __ 

. 286 

. 420 

540 

1 msec 

G 

B 

Oscilloscopes. 



. 200 

. 245 

485 






<■ Fluorescence-luminescence during excitation. b Phosphorescence-luminescence after excitation is discontinued. c Average. 


Notes 


P-1 General reference standard for relative peak efficiency measure- P-22 
ments. 

P-2 Decay decreases as beam current increases. P-28 

P-4 Sulfide version of P-4 ; there are two others referred to as sulfide- P-31 

silicate and all-silicate. P-33 

P-11 May contain nickel to decrease persistence. 

P-20 A range of CIE coordinates and, hence, colors are permitted. Co- P-34 
ordinates stated are for a representative P-20 employed in prep- P-35 
aration of P-4. 


Data for sulfide blue and green, and vanadate red. The vanadate 
red was described earlier. 

Curve has shoulder on long-wavelength side at 580 nanometers. 
Curve also has blue peak at 450 nanometers. 

Decay decreases as beam current decreases, burning very rapidly 
when used with stationary or slow-moving electron beam. 
Infrared stimulable phosphor. Y-phosphor. 

Resists burning compared to P-11. 
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Table VII . — New Registered Phosphors 




CIE coordinates 

Peak 


Color 






wave- 

Decay 
time to 




P No. 

Composition 



length, 

FI 


Uses 


X 

y 

nano- 

meters 

10% level 

Phos 




P-36 

(ZnCd)S: Ag:NL_ 

0. 400 

0. 543 

550 

0.25 psec 

YG 

YG 

Flying spot scanning 









tubes. 

P-37 . 

ZnS: Ag:Ni 

. 143 

. 208 

470 

0.155 /isec 

B 

B 

Flying spot scanning 
tubes. 




P-38 _ 

(ZnMg)F 2 : Mn 

. 561 

. 437 



O 

O 

Integrating phosphor 
for low repetition rate 













displays and radar. 

P-39 

ZiuSiCh : Mn : As _ _ 

. 223 

. 698 

525 


YG 

YG 

Integrating phosphor 









for low repetition 
rate displays and 
radar. 

P-40 - 

ZnS : Ag 

. 276 

. 3117 

440 

150 /isec 

W 

YG 

Integrating phosphor 
for low repetition 













rate displays and 
radar. 


(ZnCd)S: Cu. 



555 

0.55 sec 



Integrating phosphor 
for low repetition 















rate displays and 
radar. 


Notes: 

P-39 similar to P-1, but with longer decay. 

P-40 similar to P-7, but with longer yellow decay. 
P-37 similar to P-11, but with shorter decay. 

P-36 similar to P-20, but with shorter decay. 

See also notes to table VI. 


The tube face itself could conceivably be the 
filter, and considerably lower luminous output 
would be required for an acceptable display. 

A method has been reported in which the pic- 
ture quality of a CRT display is much improved 
(ref. 44) . Referred to as the “image enhancer,” 
this system compares and enhances the contrast 
by using a short-term storage or memory bank 
to store picture information to allow compari- 
son of one point to all points surrounding it 
and then enhancing the contrast of these points. 

Recently, Hilbom and Stevenson (ref. 45) 
reported a method for improving apparent 
resolution that enhances character recognition 
as much as 75 percent for the smallest charac- 
ters generated. It is based on the ability of the 
human visual system to perform a short-term 
integration of information in successive TV 
frames. 


The method involves changing the normal 0° 
phase relation between horizontal and vertical 
oscillators from one frame to the next by a 
switchable time-delay network in the vertical 
oscillators of both the camera and the monitor. 


E " » ' 

£ 

1 

/ 

2 

$ 

1 

4 „ 

beanT 

" OBSERVER 


3 


Figure 4. — Optical diode faceplate. 1. uv-emitting 
phosphor. 2. uv-transmitting, visible absorbing fil- 
ter. 3. Visible-emitting, uv-excited phosphor. 4. 
Visible-transmitting, uv-absorbing filter. 
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Figure 5. — Field-frame interlace waveform sequence. 


Thus, by delaying two successive frames and 
then repeating the sequence, one obtains twice 
the normal number of raster lines and an inter- 
lace of frames as well as fields, provided one 
maintains the correct timing relationship. This 
is shown in figure 5 where V is the duration of 
one field (16.689 milliseconds) and H is the 
duration of one scan line (63.492 microseconds) . 

New Display Tubes 

The report by Winningstad (ref. 46) discusses 
the relative advantages and limitations of the 
use of storage CRT’s in computer output ap- 
plications. 

The paper by Engel and Eldridge (ref. 47) 
describes the use of an electrostatic display stor- 
age tube, originally developed by Clauer and 
Kuehler (ref. 48) with a new electron-gun de- 
sign and an independent optical system consist- 
ing of a dual-chamber CRT. These chambers 
are separated by a thin dielectric membrane 
upon which recording and storage is done. The 
outer chamber contains an electrographic de- 
veloper consisting of a mixture of carrier beads 
and a pigment that yields a net positive charge 
on the pigment when triboelectrically excited. 
This mixture then adheres to the negatively 
charged areas on the dielectric membrane, pro- 
ducing a high-resolution image that can be pro- 
jected on a screen. Erasure is accomplished 
with a low- voltage floodbeam on the dielectric 
membrane, which emits secondary electrons 
more copiously under these conditions, and, 
thus, discharge is effected. 

Tilton (ref. 49) has described the principles 
of three-dimensional CRT displays, which are 
too involved for discussion here. Strikingly 
real simulations of three-dimensional display 
have been realized. 

An “anaglyph” (stereoscopic CRT display 
system) has also been reported by Wolvin (ref. 


50) . The stereo effect is obtained by the use of 
parallax in the image display, with the left eye 
viewing only the left field and the right eye 
viewing only the right field through the use of 
colored displays and special viewers. Both the 
left and right pictures are displayed on the same 
CRT and recorded on film for projection 
viewing. 

Developments in Color CRT Technology 

There are perhaps a dozen different “conven- 
tional” approaches to the realization of color 
CRT display in which variations in tube shape, 
phosphor screen structure, electron-gun num- 
ber, position, and accelerating voltage are em- 
ployed. The most recent developments, how- 
ever, involve the first attempt to affect color 
variation in a display by means of the beam 
current variation in a single phosphor layer 
( ref. 51). Almost all phosphors exhibit a linear 
variation with normal beam current and accel- 
erating voltage levels. There are at the present 
time a number of phosphors emitting broad- 
band catliodolmninescence, in which the output 
versus current density is nonlinear. Several of 
these phosphors are illustrated in figure 6. 

If one of these nonlinear phosphors is mixed 
with a linear phosphor of a different color and 
lower conversion efficiency, then a change of 
color results as the beam current is increased. If 
a green nonlinear phosphor and a red linear 
phosphor are employed at low current densities, 
the primary emission is from the red phosphor 
and one obtains a low brightness red emission. 
As the current density is increased, the green 
phosphor begins to emit more strongly, and re- 
sultant colors in the orange, orange-yellow, yel- 
low, and green-yellow are obtained, as shown in 
figure 7. A chromatieity diagram showing the 
locations of the primaries and the color gamut 
for an experimental CRT is shown in figure 8. 

It is obvious that a much more acceptable 
arrangement is obtained if the red phosphor 
exhibits nonlinearity with beam current density 
because of the greater eye sensitivity to green 
as compared with red. This system is ideally 
suited to high-density computer data readout, 
wherein it is necessary to rapidly detect and/or 
correct low or high values of parameters. The 
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CURRENT DENSITY 

Figure 6 . — Nonlinear phosphors, visual output versus 
current density. 


number of easily discriminable colors obtained 
thus far is three; however, with anticipated 
CRT improvement, this number should increase 
to at least five. 

Another two-color phosphor tube has been 
recently advertised. 1 Data for this tube are un- 
available as of this writing, except that the (HE 
color coordinates are red x=0.Q59, y= 0.337; 
green x =0.376, y— 0.573. It is a penetration 
type of CRT in which the single-gun accelerat- 
ing voltage is switched several kilovolts to ob- 
tain a color change from red to green. 

The patent recently granted to Pritchard 
(ref. 52) for penetration color Screen, color 
tube, and color television receiver is one of the 
more comprehensive found in the CRT field. 

Several processes are described for phosphor 
screen fabrication, including details of the Kell 
process (ref. 53) employing gelatin as an 
adsorbing layer for phosphor particles. Some 


1 Sylvania Division GT&E advertisement appearing 
in various electronics and display periodicals. 


of the ideas covered in the Pritchard patent are 
single, double, triple, and multilayer screens 
deposited by evaporation or settling successive 
phosphor layers on a faceplate. 

Also described is the process of constructing 
multilayer phosphor particles in which a cen- 
tral blue-phosphor particle is coated succes- 
sively with layers of smaller particle green and, 
lastly, red phosphors, and then treated as a 
normal phosphor powder and settled on face- 
plates to form a phosphor screen. 

To obtain a color variation, the method re- 
quires variation of accelerating voltage from 
either single gun, or operation of multiple elec- 
tron guns at fi xed voltages, to obtain penetra- 
tion through, and selective excitation of, the 
phosphor layers. 

The salient f actors requisite to optimum color 
gamut achievement are thoroughly described, 
including the optimum thickness and efficiency 
of the phosphor layers, and the thickness of 
the spacer or inert separating layers. Finally, 



CURRENT DENSITY 

Figure 7. — A. Red phosphor linear. B. Green phos- 
phor nonlinear. 
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Figure 8.— Chromaticity coordinates versus current 

density, (yua/cm 2 ) for linear-nonlinear phosphor 

combination. 

the electronic circuitry required for the vari- 
ous types of gun-phosphor combinations is 
described. 

A radar display tube has been reported (ref. 
54) which is referred to as an electron-beam- 
barrier tube in which a uv phosphor and a red 
phosphor, excited by an electron beam, are 
deposited on an electron-beam-opaque substrate 
which is transparent to uv and visible radia- 
tion. On the opposite side of this substrate, the 
viewing side, is a P-2 phosphor which has a 
long green phosphorescence. This display 
yields red moving target information and white 
stationary targets. 

Damon (ref. 55) has recently described a 
high-resolution, multicolor storage CRT. This 
tube is similar to standard storage types, with 
the exception of a special phosphor, which is 
apparently layered red and green phosphors. 
At low voltage (6 kilovolts) the red phosphor 
layer is excited, and at high voltage (12 kilo- 
volts) the green layer is excited. Of course, all 
colors lying along the line connecting these 


two points on the chromaticity diagram are at- 
tainable by varying the beam voltage from' 6 
to 12 kilovolts. References to layered and 
evaporated screens include the patent of Fonda 
(ref. 56) and Feldman’s work (ref. 57) de- 
scribed in his original patent for the formation 
of multilayer screens by his well-known evap- 
oration technique. 

Of the many other methods described in the 
literature for the fabrication of color CRT’s, 
relatively few have actually succeeded in reach- 
ing the consumer market as a finished product. 
Several transparent CRT display tubes are 
available. 2 These CRT’s have evaporated 
multilayer phosphor screens of extremely high 
resolution but relatively low brightness, al- 
though the latter is not as important for trans- 
parent phosphor layers in view of the much 
lower ambient light reflection compared with 
polycrystalline-phosphor aluminized CRT 
screens. 

Only two commercial TV systems have been 
reported (ref. 58). These sets contain a CRT 
based on the Lawrence tube, called the color- 
netron and the chromatron, both of which, 
manufactured by Japanese firms, contain ver- 
tical stripes of red, green, and blue phosphors 
and are scanned by a single gun. 

A survey of various color systems has been 
published by Solomon (ref. 59), while a state- 
of-the-art examination was conducted by Bur- 
dick et al. (ref. 60). A comparison of the 
three-gun, shadow-mask CRT and single-gun, 
beam-index CRT was made by T. Seke et al. 
(ref. 61). 

Only a single reference to the Gabor tube is 
known (ref. 62) . This appears to be one of the 
more practically applicable CRT’s for wall 
mounting. 

A deflection-modulation CRT display has 
been described recently (ref. 63) in which the 
striking three-dimensional qualities are dis- 
cussed. The first report on the method by 
which these displays are obtained was given by 
Johnson (ref. 64). 

2 Literature on high-resolution, transparent phosphor 
CRT’s may be obtained from the Transylume Tube Di- 
vision of Panaura Corp. 
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Developments in Bandwidth Reduction 

As existing communication channels became 
more crowded, people began to look for ways to 
put them to use more efficiently. This has led 
to two principal philosophies of bandwidth re- 
duction. The first, and probably the one that 
has received the most attention (ref. 65), re- 
quires an analysis of the information to elimi- 
nate redundancies and some type of encoding of 
the remaining pertinent information to com- 
municate it from point A to point B. At the 
receiving point B, the transmitted information 
must be decoded and the redundancies, or some 
type of quasi-redundancies, created to put the 
information into a usable form. These systems 
are generally quite complex and expensive be- 
cause of the many functions they must perform. 

The second philosophy of bandwidth reduc- 
tion is to format the image information without 
paying any attention to particular redundan- 
cies in a manner that takes advantage of the 
fact that a human viewer with specific visual 
capacities and definite subjective attitudes is, in 
the end, the decisive factor on whether there is 
enough information in the image for a given 
situation. An example of the latter would be a 
dot interlace television system (ref. 66) ; of the 
former, run length, or block length coding or 
delta modulation. A discussion of bandwidth 
reduction is beyond the scope of this review, 
and the reader is referred to “References,” par- 
ticularly reference 67. 

Developments in Projection Display 
Techniques 

In a report on an automated display chart for 
program management, Hilt (ref. 68) refers to 
a technique employed to obtain images on Kal- 
var film from a P-16 phosphor CRT screen, in 
which the exposure required from the CRT for 
Kalvar is reduced by a factor of 10. This is 
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accomplished by a proprietary film-developing 
technique. 

Morgan, Werner, and Libby (ref. 69) have 
recently reported on the use of CRT exposure 
of dry silver recording materials. Peak spec- 
tral sensitivity can be varied, and high- 
resolution, high-contrast images are obtained. 

The recent development of a number of or- 
ganic, uv-sensitive materials, referred to as 
ultraviolet imaging, or uvi materials (ref. 70), 
with significantly lower power requirements 
for exposure than materials previously avail- 
able, has opened a new and exciting area for 
the application of uv phosphors. In addition, 
the wavelength sensitivity of these materials is 
variable, but the most promising and useful 
materials have a spectral sensitivity matching 
the newer high-output uv phosphors described 
in table IV. The potential applications for 
these uv phosphor-uvi material combinations in 
projection display (and other areas of appli- 
cation for rapid dry-film processing) are very 
encouraging indeed. 

Conclusions 

From the wealth of recent literature on 
CRT’s, it is apparent that new applications are 
still being discovered and existing applications 
are being improved. The most promising of 
these are the optical-diode, high-contrast tube; 
the two-color CRT wherein color change is ob- 
tained by screen current variation ; the exciting 
developments in the uv phosphor and imaging 
materials field, which should make possible 
essentially real-time projection display and 
hardcopy transfer; the improved character rec- 
ognition techniques; the bandwidth reduction 
achievements; the multilayer phosphor screen 
fabrication techniques ; the new visible emitting 
phosphor discoveries; and the significant im- 
provements attainable in electron-gun current 
densities. 
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CARRIER INJECTION ELECTROLUMINESCENCE 
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During the past decade, interest in carrier 
injection electroluminescence as a display me- 
dium has steadily increased, as evidenced by the 
scope of research in this area. This research 
has been directed toward a wide range of mate- 
rials and a large number of device implementa- 
tions for display purposes. This interest is 
attributed to the number of desirable features 
promised by the carrier injection phenomenon. 
Operation is possible at a few volts ; switching 
is possible at megacycle rates. A relatively 
long life is promised with chemical stability. 

In a survey of carrier injection electrolumi- 
nescence, it is desirable to consider the relation- 
ship of the materials, the device structure, and 
the fabrication processes to the display system 
requirements. Desirable features for a visual 
display include the following : 

( 1 ) A light emission that matches the spectral 
response of the human eye 

(2) A low operating voltage and current that 
minimize the power necessary for continuous 
excitation 

(3) Materials and a simple device structure 
that permit an economical method of fabrica- 
tion 

Before these desirable properties can be eval- 
uated, a review of the mechanisms involved in 
producing electroluminescence by carrier injec- 
tion should be discussed. These mechanisms 
are basic semiconductor phenomena and include 
such aspects 'as intrinsic conduction, extrinsic 
conduction, and photon generation. 


Spectral Response 

The range of possible materials that look 
promising for use with carrier injection in a 
visible display can be considerably narrowed 
by first considering only those materials having 
a spectral response that provides a reasonable 
match to the peak-wavelength sensitivity of the 
human eye. This relationship is established by 
the energy gap of the material, which approxi- 
mately determines the maximum possible 
energy of the emitted photons. The response 
of the eye dictates the following requirements : 


Visual threshold (at blue) 0.40 n, or 3.06 eV 

Visual maximum (at green) 0.55 /t, or 2.25 eV 

Visual threshold (at red) 0.70 n, or 1.75 eV 


Because processing of the material during 
fabrication can alter the requirements slightly, 
materials with a band gap between 1.75 and 
3.6 to 1.0 eV might be selected for use. A re- 
view indicates that the I-V and II-V groups 
have an average band gap of only 1 eV and 
thus may be excluded from consideration. 

As shown in table I, the I- VII and IV-IV 
groups provide only a few compounds that can 
be classified as satisfactory. However, both the 
III-V and II-VI groups contain many binary 
compounds of sufficient band gap. 

Intrinsic Conduction 

If we wish to examine some of the electron 
processes that occur in the crystal structure, it 
is best to consider the various energy relation- 
ships by means of a simple model describing 
the position of the various energy levels. Nor- 
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mally, the electrons in a crystalline material are 
restricted to defined ranges of energy that can 
be represented by bands of energy. For an 
ideal, or perfect, semiconductor without impuri- 
ties, the structure can best he shown by three 
bands : the valence band, the forbidden energy 
band, and the conduction band (fig. 1). 

The valence band is that range of energies 
exhibited by the valence electrons of the ele- 
ment which is least tightly bound to the atomic 
nuclei. The forbidden band of energies repre- 
sents the range that electrons normally cannot 
occupy in an ideal semiconductor. The next 
higher energy level above the valence band that 
an electron can occupy is represented by the 
conduction band. The energy gap E g of a solid- 
state material is used to describe the separation 
between the highest energy level of the valence 
band E v and the lowest energy level of the con- 
duction band E c . If an energy, at least equal 
to Eg , is introduced into the material, some of 
the valence electrons will be raised from their 
normal energy levels in the valence band to the 
others in the conduction band. Energies less 
than Eg will not remove electrons from the va- 
lence band. The density of electrons is given 
by equation (1) : 

N=N c e- (1) 

Electrons raised to states in the conduction 
band are free to respond to the influence of an 
applied electrical field. Some of the electrons 
will gain a net momentum in the direction of 
the field, and this energy represents a current 
flow. Raising electrons to the conduction band 
leaves both the valence and conduction bands 
partially filled; thus, current effectively flows 
in both bands — the free electrons in the conduc- 
tion band and holes in the valence band. 


CONDUCTION BAND 



Figure 1 . — Energy band model. 


Table I. — Band-Gap Comparison 


General group 

Material 

Band 

gap 

I-VII 

CuBr_ _ 

2. 9 


Agl 

2. 8 

II-VI 

CaS 

5. 4 


CaSe 

5. 0 


CaTe 

4. 3 


MgSe.__ 

5. 6 


MgTe 

4. 7 


ZnO 

3. 2 


ZnS 

3. 7 


ZnSe 

2. 6 


ZnTe _ _ . 

2. 1 


SrO 

5. 8 


SrS 

4. 8 


SrSe - _ _ 

4. 6 


SrTe 

4. 0 


CdS 

2. 4 


CdSe 

1. 7 


CdTe 

1. 5 


BaO 

4. 2 


BaS 

4. 0 


BaSe_- _ _ _ 

3. 7 


BaTe 

3. 4 


HgS 

2. 0 


HgSe 

. 6 


HgTe 

. 02 



BN 



AIN 

5. 0 


AIP__ 

2. 5 


AIAs 

2. 4 


AlSb 

1. 5 


GaN 

3.4 


GaP 

2. 24 


GaAs . . . 

1. 4 


GaSb 

. 67 


InP 

1. 25 


InAs 

. 33 


InSb 

. 18 


BP 

5.0 

IV-IY 

SiC 

“2. 3 



*> 2. 9 


a Cubic. 6 Hexagonal. 


The distribution of electronic states over the 
band structure is described by the fermi dis- 
tribution function, which indicates the proba- 
bility that a state at a given energy level E will 
be occupied by an electron. In an intrinsic 
semiconductor, the number of electrons occupy- 
ing states in the conduction band is equal to the 
number of holes in the valence band. The fermi 
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level Ef lies approximately midway between the 
valence and conduction band edges. 

Extrinsic Conduction 

Nominally, the number of electrons available 
for conduction in an intrinsic material is an in- 
verse exponential function of the energy band 
gap. Because of this fundamental relationship , 
most of the wider band-gap materials are classi- 
fied as insulators. F or example, at room temper- 
ature, a semiconductor such as germanium, with 
a band gap of 0.68 eV, has an electron density 
of 6 X 10 13 cm 3 . An insulator such as cadmium 
sulfide, with a band gap of 2.42 eV, has an elec- 
tron density of 3 per cm 3 . Therefore, it is nec- 
essary to incorporate impurity atoms into the 
crystal structure to increase the conductivity. 
The properties of the semiconductor will then 
depend strongly on the impurity content. This 
incorporation may take a number of forms. A 
silicon atom, for example, has four valence elec- 
trons with which it forms four electron-pair 
bonds with four silicon neighborhood atoms. If 
an atom with five valence electrons, such as 
phosphorus, is substituted in the crystal lattice 
for a silicon atom, the structure will remain un- 
changed and partially covalent. The fifth elec- 
tron will remain in the vicinity of the impurity 
atom, because of the extra positive charge in the 
atomic nucleus. A very small amount of energy 
can overcome this binding and excite the extra 
electron to the conduction band. Thus, impu- 
rity atoms, with more valence electrons than 
atoms of the host crystal, can donate excess elec- 
trons to the conduction band and are called 
donor impurities. Because the density of con- 
duction electrons is increased in the crystal, 
such a semiconductor is called an n - type ex- 
trinsic semiconductor. 

If an atom with three valence electrons, such 
as gallium, is substituted in the host crystal, one 
of the covalent bonds cannot be satisfied. This 
loss can be compensated by the transfer of a 
valence electron from a neighboring silicon 
atom. A hole in the valence band can be used 
to represent the loss of a valence electron. This 
type of impurity is called an acceptor because it 
accepts a valence electron from the host crystal. 
A p-type of extrinsic semiconductor is created 
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by the incorporation of acceptor impurities 
which form holes in the valence band (fig. 2). 

Referring again to the energy band model, 
it can be shown that the impurities described 
above will occupy energy levels in the forbidden 
energy band. The donor impurities will occupy 
electronic states very close to the conduction 
band, and the acceptor impurities will occupy 
states at an energy level close to the valence 
band. An approximation of the position of 
these levels can be obtained from a relationship 
which indicates that the energy is proportional 
to the effective mass of an electron in a material 
and inversely proportional to the square of the 
dielectric constant of the material. 

In an n - type semiconductor, the fermi level 
will be situated close to the conduction band and, 
for a ^-type semiconductor, the fermi level will 
be situated close to the valence band. The posi- 
tion will be determined by the type and concen- 
tration of impurities at a given temperature. If 
both donors and acceptors have been added, the 
level is located such that the crystal is neutral ; 
there are equal numbers of negative and positive 
charges. (See eq. (2).) The density of elec- 
trons and ionized acceptors must equal the den- 
sity of holes and ionized donors. 

n+N2=P+N£ (2) 

The powerful effect of impurity concentra- 
tion on conductivity can be illustrated with a 
classic example. Consider a germanium crystal 
containing 10 16 donors per cm 3 and no acceptors. 
A solution of the equation for charge neutrality 
indicates that the fermi level lies 0.52 eV above 
the valence band at room temperature. From 


CONDUCTION BAND 



VALENCE BAND 


Figure 2.— Impurity levels. 
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equations (3) and (4), the density of electrons 
is 10 1,6 per cm 3 and the density of holes is 10 10 
per cm 3 . This differential was accomplished 
with an impurity incorporation of approxi- 
mately 1 ppm. 


(. Ec-Mr ) 


n=Nce kT 

(3) 

( Ef—Ev ) 


n=N v e kT 

(4) 


Photon Generation 

The mechanism of carrier injection electro- 
luminescence is based on the production of light 
by an excited semiconductor returning to a state 
of equilibrium concentration of holes and elec- 
trons by means of recombination transitions. 
These transitions involve the recombinations of 
electrons and holes accompanied by the emission 
of photons. Other recombination processes 
which are nonradiative must be suppressed or 
minimized. A transition that takes place be- 
tween a minimum in the conduction band and a 
maximum in the valence band is called a direct 
transition if it does not involve a change in di- 
rection of motion of the electron and hole. For 
this condition, both the electron and hole must 
have the same momentum, the transition can 
occur directly with the emission of a photon, 
and both energy and momentum are conserved. 
(See fig. 3(a).) However, if the above mini- 
mum and maximum do not occur for the same 
direction of motion, an indirect transition will 
be the result of the recombination. (See fig. 
3(5).) The lowest energy conduction electron 
will have a momentum that is different from the 
momentum of the hole in the valence band, and 
a phonon is emitted to conserve momentum, 
thus producing heat instead of light. In an 
indirect transition, a recombination can occur 
with the electron and hole having the same mo- 
mentum resulting in a radiative recombination, 
but this case is statistically less likely to happen. 
With direct transitions, the rate of recombina- 
tion is both fast and competitive with other re- 
combination processes, resulting in a high in- 
ternal quantum efficiency. Indirect transitions 
have much slower recombination rates with an 
attendant lower internal quantum efficiency. 



Figure 3. — (a) Direct transition. (6) Indirect transi- 
ition. 

In materials that exhibit indirect transitions 
which are likely to produce nonradiative re- 
combinations, a higher current density is neces- 
sary to increase the probability of occurrence 
of radiative recombinations and the production 
of useful light. The two factors, low inter- 
nal quantum efficiency and high operating cur- 
rent, make these materials poor candidates for 
use in visual displays. 

Table II lists the materials that meet the spec- 
tral response requirements discussed above and 
indicates the type of transition. Aluminum 
phosphide has been excluded because it is chemi- 
cally unstable. Copper bromide and silver 
iodide are both purely ionic crystals, so they 
have been deleted. 

It can be seen that, in general, the III-V com- 
pounds exhibit an indirect type of transition, 
while the II- VI compounds provide a direct 
transition, thereby permitting a higher internal 
efficiency. Of the II-VT compounds, ZnSe, 
ZnTe, and CdS most closely match the peak of 
the visual region (2.25 eV) . In addition, these 
materials have a relatively high value of mo- 
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Table II . — Transition Comparison 



Group 

Material 

Band 

Type transition 

Mobility 

.... 



gap 


1 Electron 

Hole 

II-VI 

ZnO 

3. 2 

Direct 

180 



ZnS 

3. 7 


110 to 140 



ZnSe 

2. 6 

Direct-- 

100 to 530 



ZnTe 

2. 1 

Direct-- __ _ 


425 to 1000 


CdS 

2. 4 

Direct- __ 

200 

15 


BaSe__ _ 

3. 7 

Direct 




BaTe_ _ _ __ 

3. 4 

Direct _ _ _ _ _ _ 




HgS 

2. 0 

Direct __ _ 



III-V 

AlAs _ 

2. 4 

Indirect 

1200 

200 


GaN 

3. 4 | 





GaP 

2. 24 

Indirect _ 

80 

100 


bility. Because tlie requirements for high con- 
ductivity in a material are related to carrier 
mobility and depth of donors and acceptors, this 
becomes a very desirable property. 

Implementation of Carrier Injection 

The selection of a device structure to provide 
the necessary excitation is just as important as 
the selection of a material based on spectral 
response, efficiency, and other factors. At least 
three basic methods will be discussed: the in- 
jection of electrons into a p-region, where a 
large concentration of holes exists, the injec- 
tion of holes into an w- region where a large con- 
centration of electrons exists, or the injection of 
both electrons and holes into an insulating re- 
gion. Normally, a p-n junction is used to ac- 
complish the first two methods, and' a form of 
p-i-n structure permits the implementation of 
the third method. 

If an -a-type material is placed in contact 
with a p-type material, a junction is formed. 
Initially, electrons will tend to diffuse from the 
n-type into the p-region and holes will diffuse 
from the p - type material into the region. 
The removal of electrons from the donor sites 
in the n-type material provides a collection of 
positively charged donor ions. Similarly, the 
flow of holes from the acceptor sites leaves a 
number of negatively charged acceptor ions in 
the p-region. This condition will cause an elec- 


trostatic layer to 'be formed at the junction with 
an electric field whose polarity will oppose the 
current flow. The magnitude of this potential 
will be determined by the position of the fermi 
level in the n- and p-type materials. As de- 
scribed above, the position of the level in each 
region is determined by the temperature and by 
the concentration of the impurity incorporation 
by doping (fig. 4). 

If an external potential is applied to the 
junction with a polarity such that the height of 
the barrier is reduced, the junction is said to be 



FORWARD BIAS 
Figure 4 . — pn junction. 
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forward biased. A large hole current will flow 
from the p -region to the n-region, and a large 
and equal electron current will flow from 'the n- 
region to the ^-region. If, however, the n- 
region is very heavily doped and the p-region 
is lightly doped, a condition of minority carrier 
injection will occur. The junction current will 
be carried mainly by electrons, and a large ex- 
cess of electrons will be injected into the ^-re- 
gion. These carriers will diffuse approximately 
one diffusion length away from the junction and 
recombine. For opposite conditions of doping, 
hole injection into the n-region is possible. The 
selection of the type of minority carrier injec- 
tion is usually based on the material, since, in 
many compounds, one carrier will exhibit a 
much higher mobility. 

Another implementation for carrier injec- 
tion can be provided by placing a metal in con- 
tact with an w-type material. It is then pos- 
sible to inject holes under a condition of 
forward bias similar to the p-n junction mecha- 
nism. The efficiency is low because the injection 
current represents only a part of the total 
current. 

A tunneling injection technique is possible by 
using an insulating film in contact with a semi- 
conductor material. This approach requires a 
high-voltage drop across the insulator. 

Another form of junction has been used for 
injection with those materials that tend to form 
unipolar extrinsic conduction states. Some ma- 
terials are strongly n-type and others are strong- 
ly p-type and resist changing from this type of 
conductivity, even with heavy impurity doping. 
For example, ZnTe has a tendency to remain p- 
type, while ZnSe has a tendency to remain n- 
type. If the two materials are used to form 
junctions, called heterojunctions, these junc- 
tions will behave similarly to a simple p-n 
junction. 

The recombination of an electron and a hole 
can never produce more than one photon ; thus, 
the internal quantum efficiency discussed above 
can never exceed a value of 1. A more impor- 
tant criterion for a carrier injection device is 
the external quantum efficiency, which relates 
the number of photons produced at the surface 
of the device and the current required to pro- 


duce these photons during operation. This 
measure of efficiency accounts for losses in 'the 
device due to absorption and transmission, in 
addition to internal quantum efficiency. The 
ratio of photons emitted to photons created will 
certainly depend on the critical angle beyond 
which the light is internally reflected. The 
light emerging from the junction is limited to 
the photons emitted in a direction within a small 
cone having an aperture which is defined as a 
function of the index of refraction. Within 
this angle, light will still be reflected at the in- 
terface and reduced by this factor. For ex- 
ample, in a material with an index of refraction 
of 3, 25 percent of the light will be reflected. 
In a material with an index of 6.7, 55 percent 
of the light will be reflected. In addition to this 
loss, photons may be destroyed by free carrier 
absorption. It can be shown that the absorption 
coefficient is directly proportional to the carrier 
density and the square of the wavelength. 
These device parameters place an additional 
burden on the material by requiring a low index 
of refraction. 

Certain problems dominate for each method 
of injection discussed above, whether the de- 
vice implementation is a simple p-n junction, 
a hetero junction, or a hybrid configuration, such 
as a p-i-n structure. 

If the semiconductor material is amphoteric, 
or can be made a-type or /;-type, abrupt p-n 
junctions can be made from now-familiar tech- 
nologies. With the direct transition materials, 
a high internal efficiency can be expected. The 
major problem pertaining to this structure is 
the photon extraction from inside the junction 
in order to achieve an equally high external 
efficiency. 

The problem with the heteroj unction ap- 
proach is that of finding another semiconductor 
of opposite conductivity type with equal band 
gap, having an identical lattice constant, simi- 
lar coefficient of expansion, and similar growth 
habits. If this condition is met, the internal 
efficiency could be comparable to that of the 
p-n junction. The fact that the electrodes must 
be made purely ohmic for both electron and 
hole injection poses another requirement. 

With the p-i-n junction structure, the prob- 
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lem is that of material compatibility. A high 
degree of physical and chemical compatibility 
must be exhibited by the five material layers 
that form the device ; the thin layer of intrinsic 
material in which the recombination occurs, the 
wide band-gap material of low work function 
and the wide band-gap material of high work 
function that are deposited on either side of 
the intrinsic layer, and the outer injecting elec- 
trodes. (One must be transparent.) The lat- 
tice and band-gap requirements are somewhat 
relaxed with this approach as compared with 
those mentioned in the previous structures. 
However, the requirements for similar coeffi- 
cients of expansion and a high conductivity in 
the transparent conductor are quite stringent. 

In all of the structures mentioned above, a 
high current requires high mobilities, a low for- 
ward resistance, and a junction width that is 
shorter than the diffusion length of the carriers. 
The diffusion is controlled by the carrier life- 
time which depends on the various capture and 
recombination processes. 

Material Relationships 

Because no simple element can satisfy the de- 
sired band-gap requirements, with the exception 
of diamond, the choice of a host crystal material 
is limited to compounds. The most likely can- 
didates seem to be from the II-YI group of 
elements. These compounds, by Goldschmidt’s 
rule, which determines lattice organization as 
a function of atomic radii, crystallize in the 
blende or wurtzite structures. It can be in- 
ferred from Welker’s rule, which defines the 
degree of ionicity in the atomic band, that these 
partially ionic, high-bond-strength materials 
should provide high mobilities with small scat- 
tering of the mobile carriers. 

However, as they chemically form, all II-YI 
compounds have a tendency to form vacancies, 
or point defects, resulting from missing atoms 
in the lattice structure, and have a tendency to 
form various spatial arrangements of the atoms 
forming the elementary lattice cells. The va- 
cancies are formed because of the polymeric 
form assumed by the chalcogene (an element 
that is listed in col. VI of the periodic table), 
and result in low conductivity. The mixtures 


w 

of crystalline structure occur, in spite of the 
fact that the length of the atomic bonds remains 
unchanged, and the differences in structure 
appear only when other than nearest-neighbor 
atoms are considered. The differences result 
in complex scattering modes between optical 
and acoustical vibrations in the lattice. A com- 
bination of these vibration modes can produce 
an undesirable shift in band gap and a lower 
mobility because of an increase in the effective 
mass of the carrier. 

Defects, vacancies, and structures are all 
strongly dependent on the processing tempera- 
ture, because, as they are heated, the compounds 
dissociate into elements of dissimilar vapor 
pressures. The effects of the temperature, how- 
ever, vary in opposite directions with respect 
to vacancies and structures. For example, at 
moderate temperature of preparation, the chal- 
cogenes do not appear in a monoatomic form, 
and hardly at all even as diatomic species, but 
mainly as molecules of four, six, or eight atoms. 
On the other hand, the crystalline orientation 
preferentially assumes only the blende struc- 
ture, which presents a single optical mode of 
vibration from its spatial arrangement. How- 
ever, at high temperature, the contribution from 
diatomic molecules increases, though not to the 
extent of excluding puckered rings of six or 
eight chalcogene atoms. The structure then as- 
sumes a hexagonal packing and, as a conse- 
quence, it has an acoustical mode or low fre- 
quency of vibration ensuing from its spatial 
arrangement of atoms. 

The problem of polymerism is about the same 
for any chalcogene; however, the structural 
problem is mostly one of degree; that is, the 
extremes of the vertical series of the periodic 
table assume only one crystalline form, varying 
from hexagonal zincite for the oxygen com- 
pounds to cubic sphalerite for the telluride 
compounds. 

Besides the polymerism, responsible for the 
vacancy formation, the atomic sizes of the con- 
stituent elements define the levels where native 
donors and acceptors will be found in the gap, 
as well as the type of conductivity these native 
defects will produce. Hence, the increasing 
size of the Group II elements will promote 
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negative conductivity, whereas elements from 
Group VI will give opposite results. In other 
words, going down column II, from beryllium 
to mercury, with the atomic diameter increasing 
from 2.25 A to 3.10 A, will secure an w-type con- 
ductivity; conversely, going down column VI 
from oxygen to tellurium, with the atomic 
diameter increasing from 1.32 A to 2.9 A, will 
secure a p - type conductivity. 

With respect to the location of the various 
levels in the band donor or acceptor of native 
origin, it can be said that the biggest of the two 
atoms in a band will always be close to the band 
to which it belongs when a vacancy of the other 
atom occurs. Hence, because the metallic ele- 
ment is associated with the conduction band and 
the nonmetallic one with the valence when, for 
example, in CdS a sulfur vacancy occurs, the 
excess cadmium atom will be close to the conduc- 
tion band, where it may easily ionize and con- 
tribute to the conduction. In ZnTe, if a 
tellurium vacancy is produced, the excess zinc 
atom of smaller radius will be far below the 
conduction band and contribute nothing to the 
conductivity. 

Conversely, if cadmium or zinc vacancies 
occur, the sulfur atom in excess will be high 
above the valence band, so high as to be unable 
to contribute to hole conduction, whereas the 
much bigger tellurium atom would be close 
enough to the valence band to be easily ionized 
and give hole conductivity. This follows from 
the cation/anion radii ratio which takes a value 
greater than unity for CdS, and smaller than 
unity for ZnTe; this ratio, therefore, gives an 
indication on the compensation tendency in 
these II- VI compounds. This compensation de- 
pends on the energy gained in a transition of 
electron from donor to acceptor. This gain 
in energy can be considered high only when both 
are shallow, in which case the energy gained by 
the transition may exceed the energy needed to 
form the vacancy. 

Compensation between vacancies means elec- 
trical neutralization and should be prevented by 
proper doping; this is possible when the cation 
and anion have equally deep ionization levels 
and an adequate solubility; that is, when they 


can be introduced into the host crystal at the 
desired concentration. 

Numerous studies have shown that incorpo- 
ration of Group III elements in substitution 
for Group VI provides n-type conductivity, 
and Group V elements in substitution for 
Group VI provide p-type conductivity in II- VI 
compounds, although sufficient concentration 
has not been achieved equally well for p- and 
%-dopants. Thus, the carrier concentration 
achieved by impurity incorporation is still 
somewhat short of its goals, and there is limited 
hope in that direction. 

Considerable work in industry has shown 
that carrier injection can be excited in many 
materials with a wide range of device struc- 
tures. The only decent efficiencies have been 
achieved with the III-V compounds such as 
GaAs, which can emit in the visible red. The 
following efforts, however, are representative 
of efficiencies achieved in the visible region : 

(1) External quantum efficiencies of 2 per- 
cent were obtained with injection through an 
insulating film into P-doped ZnTe at 5340 A 
with the temperature at 77° K. 

(2) With a metal-insulator-p-type tunnel 
diode of ZnTe, an efficiency of 0.01 percent was 
observed at 5375 A and 77° K. 

(3) With an avalanche structure, an external 
efficiency of 2 percent at 5380 A and 77° K was 
observed with P-doped ZnTe. 

(4) An 18-percent external quantum effi- 
ciency was obtained from p-n junctions at 70° K 
with a 6300-A emission in ZnSe x Te 1 _ x . 

In summary, on the basis of spectral response 
and internal efficiency, the II- VI compounds 
appear most desirable for use as carrier injec- 
tion host crystal materials. ZnSe, ZnTe, and 
CdS most closely match the peak of visual sen- 
sitivity. From a structure standpoint, the 
most encouraging results to date have been 
achieved with the hetero junction structure. It 
is believed that, with a more efficient technique 
in preparing the materials and in producing 
junctions, a combination of II- VI compounds 
can be considered to be the most promising 
to give efficient electroluminescence at room 
temperature. 
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THERMOCHROMIC DISPLAYS 1 


D. Grafstein, E. P. Burkowski, M. Kornblatt, and W. L. Flint 

Aerospace Research Center , General Precision Systems Inc ., Little Falls , N .J . 


The feasibility of using thermochromie materials in display devices is under investiga- 
tion with particular emphasis on their use in cathode-ray tubes (CRT’s). Reversible color 
changes have been observed when Ag 2 HgL or Cu»HgL target films were irradiated with 
electron beams. Likewise, simultaneous thermochromism and cathodoluminescence have 
been demonstrated for mixtures of Ag 2 HgI 4 and conventional CRT phosphors. Some limi- 
tations of thermochromics for device use are discussed. Studies directed at improving the 
existing ternary mercuric iodides, as well as other potential thermochromie materials, are 
also described. 


An increasing need exists to view informa- 
tion presented by display devices under condi- 
tions of high ambient illumination, such as often 
prevail in both aircraft and space vehicles and 
in central command rooms. In aerospace ve- 
hicles particularly, visual displays may be 
subject to variations in illumination levels en- 
compassing a range of several orders of magni- 
tude. The more traditional displays that 
incorporate mechanical movements, such as the 
dials of meters, are usable under these extremes 
of ambient, but they suffer from the disadvan- 
tages of moving parts and catastrophic failure 
modes. 

More modem nonmechanical systems, such as 
electroluminescent (EL) displays or OET’s, 
saturate at brightness levels far too low to allow 
their use in high ambients. In these devices, a 
phosphor material emits light (luminescence) 
as a result of the application of an electric field, 
in the case of electroluminescent materials, and 
bombardment by an electron beam, in the case 

1 This work was sponsored by the National Aero- 
nautics and Space Administration, Electronics Research 
Center, under Contract NAS 12-89. 


of cathodoluminescent materials. One of their 
main limitations is the relatively low brightness 
levels and the concomitant low contrasts that 
have been achieved. Attempts to increase the 
brightness of EL displays by increasing the ap- 
plied electric field and its frequency result in a 
severe lowering of the lifetime of the material. 

Scotophors are materials whose change in 
opacity under electron beam bombardment is 
viewed by reflected light. The alkali halides, 
such as potassium chloride, are darkened under 
excitation by high-energy particles such as X- 
rays or beta rays. This darkening is the result 
of the formation of color centers (trapped elec- 
trons) in the material. Alkali halides thus pro- 
vide better contrast when viewed under high 
ambient illumination. The image will remain 
on the screen until the trapped electrons are 
freed by heating or other means. Several de- 
vices utilizing an alkali halide are commercially 
available ; among these are the recorditron tube 
and dark trace tubes. While these produce 
images useful under high ambient illumination 
levels, erasure to allow rapid updating of infor- 
mation is extremely difficult. 
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Photochromic materials are also viewed 'by 
reflected light. These change color by absorp- 
tion of light of a particular wavelength, usually 
in the ultraviolet range. The color can be 
erased by heating or by illumination of the 
colored form of the material by light of longer 
wavelength than was used to accomplish the 
initial color change. 

The concept developed in our laboratories is 
to display information using thermochromic 
materials that will change color upon activation 
by heat and revert to their original color when 
cooled. The observation of the color change in 
these materials is due to a differential reflection 
of the ambient light by the two different-colored 
forms. 

General Considerations 

Thermochromics are materials that undergo 
a color change when they are heated above a 
certain temperature, called the transition tem- 
perature, and revert back to their original color 
when cooled below the transition temperature. 
This phenomenon has been known for some time, 
but the application of thermochromic materials 
to practical display devices is new (refs. 1 to 6) . 

The response to the temperature change may 
be slow or fast, sharp or gradual, depending on 
the mechanism that causes the color change. 
Thermochromism has been observed in a variety 
of organic and inorganic materials, and the 
mechanism has been found to vary with the 
molecular structure of the material. The type 
of mechanism invoked to explain the thermo- 
chromic activity has included equilibrium be- 
tween two molecular species, broadening of a 
near-ultraviolet absorption curve, ring opening, 
thermal achievement of a triplet state con- 
figuration, formation of free radicals and order- 
disorder phenomena. This list by no means 
exhausts the mechanisms by which thermo- 
chromism can occur. Many of these mecha- 
nisms, however, involve the breaking of chemi- 
cal bonds and/ or the migration of chemical spe- 
cies. In such systems, the rate of the color 
change with temperature of the material is rela- 
tively slow. 


For information display applications, the 
color changes must be fast and result in a sharp 
contrast of one color on another. Because both 
maintenance and power requirements are im- 
portant factors in device considerations, espe- 
cially in aircraft and spacecraft, the materials 
also should show good thermal stability and re- 
quire low power when they are incorporated into 
the device. The most interesting thermochromic 
materials, which satisfy the above conditions, 
are those that involve a rearrangement of 
cations in a close-packed anion crystal lattice, 
where no breaking of chemical bonds occurs. 
Theoretically, there appears to be no upper limit 
to the rate at which such transitions, often called 
order-disorder reactions, can occur. Thus, these 
transitions are intrinsically rapid and take place 
at a definite temperature. 

Before actually discussing devices for which 
thermochromics are being considered, some of 
the properties that make them attractive for 
such devices will be described. In principle, it 
is feasible to design repetitively driven thermo- 
chromic displays which are flicker free, even 
with low repetition rates. A standard phosphor, 
even one having so-called long persistence, 
reaches peak brightness almost immediately af- 
ter being pulsed, and then gradually decreases 
in brightness. Thus, fairly rapid repetition 
rates are necessary if the flicker is to be avoided. 
For a repetitively driven display using thermo- 
ehromics, however, it is only necessary to repeat 
the signal before the material has cooled below 
the transition temperature to obtain a com- 
pletely flicker-free display, because of the fact 
that thermochromic materials have only two dis- 
tinct states. This behavior becomes important, 
particularly when the displayed information is 
being derived from a computer, because it per- 
mits the use of a slower computer and reduces 
the size of the computer memory that is re- 
quired. 

The rise time and persistence of the thermo- 
chromic display is a function of a number of 
material and experimental parameters. These 
include the heat and temperature of transition, 
heat capacities, and thermal conductivities of 
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both the thermochromics and the various sub- 
strates employed. Persistence can be controlled 
by a suitable selection and trimming of these 
parameters. 

The mass and thermal conductivities of the 
substrates are particularly easy parameters to 
adjust for the generation of a set of desired rise 
times and persistence values. As will be dis- 
cussed later, a wide range of transition tempera- 
tures is also available, but, of course, the selec- 
tion of any particular thermochromic fixes the 
transition temperature and the heat of transi- 
tion. Persistence values and rise times are also 
a function of the ambient thermal level as well 
as the rate and magnitude of the energy input. 

Because thermochromic materials do not emit 
light, but differentially reflect incident ambi- 
ents, the operation of thermochromic devices is 
not limited by the usual energy transfer rela- 
tionships, where emission occurs at longer wave- 
lengths than the energy which produced it, as 
is the case with phosphors. Thus, with thermo- 
chromics, a visible color change can be pro- 
duced by infrared stimulation. 

Another property, namely the large difference 
in electrical conductivity between the high- and 
low-temperature forms, provides an added stor- 
age mechanism and control element which may 
be useful when, for example, thermochromics 
are combined with electroluminescent materials. 
It should be mentioned, however, that this prop- 
erty is specific to those thermochromic mate- 
rials that result from an order-disorder 
mechanism. Our research efforts, thus far, have 
emphasized this type of thermochromic 
material. 

Since the thermochromic change is accom- 
plished by heating, a variety of display devices 
have suggested themselves depending on the 
mechanism used to heat the material. These 
mechanisms include resistance heating, heating 
with a laser and electron beam, or high-energy 
particle bombardment. Numeric prototype dis- 
play devices that utilize the well-known thermo- 
chromics Ag 2 HgI 4 and Cu 2 HgI 4 and depend on 
resistance heating for their operation have been 
constructed. Similarly, in other experiments, 
the feasibility of writing with a laser beam on 
these same materials was also demonstrated. A 
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detailed description of the prototype display de- 
vice and laser “writing” on thermochromics was 
given at the October 1%6 meeting of the Society 
for Information Display (ref. 7). 

Thermochromics in a Cathode-Ray Tube 

Recently, we have been investigating the use 
of thermochromics in a CRT, both as a substi- 
tute for the phosphor and in conjunction with 
the phosphor. Earlier calculations indicated 
that the use of thermochromics in a CRT was 
feasible. 

For example, with Ag 2 HgI 4 as the target ma- 
terial, an energy of approximately 7.32 joules 
per gram is required to heat the material to 
60° C from room temperature, assuming an 
average specific heat of 0.21 joule per degree- 
gram for this temperature range. With a sur- 
face density of the target material of 10 mg/ cm 2 
and an electron beam diameter of 3 X 10~ 3 centi- 
meters, at least 0.52 X10~® joules would be re- 
quired to heat this area to 60° C. This would be 
the actual energy required, if there was 100 
percent efficient transfer of the kinetic energy 
from the electron beam to the thermochromic. 
The dwell time necessary to accomplish this 
change then would depend on the values of the 
accelerating voltage and electron beam current. 
For an accelerating voltage of 2000 volts and a 
beam current of 0.1 milliampere, a dwell time 
of approximately 3 microseconds would be re- 
quired. This corresponds to a sweep rate of 
10 3 cm/sec. These beam energies and sweep 
rates are available in conventional CRT’s. 

The wide range of beam energies, energy den- 
sities, and sweep rates available in CRT’s makes 
it possible to achieve a wide range of tempera- 
ture variations in the target material. The 
objective of the present work has been to demon- 
strate experimentally and evaluate the use of 
thermochromics in a CRT. The results of these 
experiments are now described. 

In one series of experiments, the electron 
beam in a Hitachi electron microscope, Type 
HU-11, was utilized. The thermochromic is 
put onto a glass surface by spraying a suspen- 
sion of the thermochromic in xylene using 
an artist’s airbrush. After the solvent has 
evaporated, the sample is tested. 
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Several sets of experiments were conducted 
using the electron microscope. In the first set, 
samples of Ag 2 HgI 4 and Cu 2 HgI 4 painted onto 
a Vs -inch- thick conducting surface of the plate 
were electrically connected to the chassis of the 
instrument. The target chamber was evacu- 
ated. Each of these samples was then bom- 
barded with a focused beam of 75-kilovolt 
electrons at an indicated beam current of 30 
microamperes. Both materials underwent their 
characteristic reversible thermochromic color 
change : Ag 2 HgI 4 went from yellow to orange, 
and Cu 2 HgI 4 went from red to black. Upon 
moving the beam across the surface of the plate, 
the transition of the previously irradiated spot 
to the low temperature form was observed to 
be very rapid. 

A second set of experiments was conducted in 
much the same way as described above, except 
that a very thin (0.0033 to 0.0051 inch thick) 
conducting glass plate was used, and thermal 
contact with the microscope was minimized by 
supporting the plate on alumina thimbles. Un- 
der these conditions, the thermochromic transi- 
tion was observed to be more rapidly induced, 
and the persistence was increased so that it was 
possible to write on the target with a moving 
beam. The transition to the low-temperature 
phase was slower than in the first experiment. 

Several sets of experiments were conducted 
on 50 percent mixtures of each of the two 
thermochromics with each of five standard CRT 
phosphors (P-1, P-2, P-7, P-14, and Sylvania 
Red 1120) . Each of the mixtures was shown 
to be thermochromic, with an observed transi- 
tion temperature within at most 2° of that of 
the parent thermochromic component. Gen- 
erally, as was expected, the contrast change was 
diminished by the presence of the phosphor, 
which acts as a diluent for the color. However, 
in one case, that of Ag 2 HgI 4 and P-14 (a lemon 
yellow phosphor), the contrast was undiluted 
and very good. This is because the ground col- 
or of the phosphor is similar to the color of the 
low-temperature phase of the thermochromic. 

It was possible to induce the thermochromic 
color change in the Ag 2 HgI 4 :P-14 mixture, but 
not in the Cu 2 HgI 4 :P-14 mixture. Both mix- 
tures showed cathodoluminescence but at a 


lower output intensity than the pure P-14 phos- 
phor. In addition, the color of the emitted 
light was different from that of the yellow- 
emitting P-14. The Ag 2 HgI 4 :P-14 mixture 
emitted an orange light and the Cu 2 HgI 4 :P-14 
mixture emitted a reddish light. This change 
in output is probably due to some filtering of 
the phosphor light output by the colored 
thermochromics. 

Experiments on mixtures of the green- 
emitting phosphor P-2 and Ag 2 HgI 4 were 
performed in the electron microscope. Mix- 
tures containing 50, 25, and 10 percent by weight 
were milled in a mortar and pestle, dispersed 
in methyl alcohol as a slurry, and painted on 
thick conducting glass plates. Experiments 
were performed at both 50 and 75 kilovolts with 
currents nominally at 30 microamperes. All of 
the mixtures fluoresced with a blue-green light 
and the fluorescence could be observed in both 
light and dark ambients. Comparison with 
the pure phosphor emission indicated a slight 
shift toward the blue and decreased intensity 
of emission with decreased P-2 content. The 
change in hue is a result of filtering by the 
y e 1 1 o w-colored thermochromic. Reversible 
thermochromic color changes were observed 
only in the 10-percent P-2 mixture when viewed 
in a normal room level. The viewer is conscious 
of seeing both the thermochromic and phosphor 
transition together, but the thermochromic 
transition has less visual impact. With the 
other mixtures, either burning of the composi- 
tion or absence of thermochromic transition 
was noted, depending on the current level. 

Experiments on mixtures of the red-emitting 
Sylvania phosphor and Ag 2 HgI 4 were also 
performed in the electron microscope. Mix- 
tures containing 50 and 25 percent by weight 
of the phosphor were prepared and coated as 
in the preceding experiment. The red fluores- 
cence was quite weak in both the mixtures and 
in the pure phosphor at 50 kilovolts and 20 
microamperes. At 75 kilovolts and 30 micro- 
amperes the fluorescence was much stronger 
and no color Shift was noticed as compared with 
the pure phosphor. Because of the red body 
color of this phosphor, it was extremely difficult 
to determine whether a thermochromic transi- 
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tion occurred. In one case (that of the 25- 
percent phosphor mixture in a 75-kilovolt 
beam) , some faint reversible color shifts were 
observed. The use of a strong red-colored phos- 
phor is not recommended with Ag 2 HgI 4 . It 
might be more useful with Cu 2 HgI 4 . 

Figures 1 and 2 show a schematic diagram 
and a photograph, respectively, of the demount- 
able CRT utilized in subsequent experiments. 
This is a 5FP-A tube, which has both magnetic 
focus and deflection and is suitable for radar 
applications. The maximum operating condi- 
tions, as specified by the manufacturer, are as 


follows : 

Heater voltage 6.3 V. 

Heater current at 6.3 V 0.6 ± 10% A. 

Accelerator voltage 8800 V dc. 

Accelerator input 6 maximum W. 

Grid 2 voltage 770 maximum V dc. 

Grid 1 voltage : 

Negative bias value 180 maximum V dc. 

Positive bias value — 0 maximum V dc. 

Positive peak value 2 maximum V. 


The demountable CRT was attached to a 
Yeeco, Type C quick connect coupling through 
a flange in an MRC vacuum collar, which is 
located on the baseplate of a Yeeco vacuum 
system. A bell jar was then placed on top of 
the collar. A vacuum gage was present in the 
bell jar of the vacuum system. Because of the 
presence of relatively long, small-diameter 
tubing between the bell jar and the CRT, the 
indicated pressure of about 2 X 10 _G torr was 
probably about an order of magnitude higher 
in the CRT. 

The target materials were applied to various 
glass substrates rather than directly on the face- 
plate of the CRT. The glass substrates were 
in turn supported on a wire gauze which was 
located below the faceplate inside the tube. It 
was possible to irradiate the thermochromics 
directly, or indirectly, through the glass by in- 
verting the target. Thin coatings of Cu 2 HgI 4 
or Ag 2 HgI 4 were applied to the glass substrates 
in a manner similar to that described before for 
the experiments with the electron microscope. 
A small area of the slide was painted with P-14 
phosphor, making it possible to observe the 
beam for focusing purposes. 

After the cathode was properly activated, 



samples of Ag 2 HgI 4 and Cu 2 HgI 4 , sprayed on 
thin (3 to 5 mils) conducting glass, were placed 
in the demountable tube. A well-focused beam 
was moved across the surface at rates of up to 



Figure 2. — Experimental demountable CRT. 
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a few centimeters per second. At voltages be- 
tween about 3 and 10 kilovolts, it was possible 
to induce some irreversible color changes in both 
samples. Very faint reversible changes were 
also present, but the contrast in these cases was 
very poor, indicating only partial conversion to 
the high-temperature phase. There did not 
seem to be any setting of the tube using voltages 
between 0 and 10 kilovolts and currents be- 
tween 0 and 70 microamperes that caused a 
good reversible transition. Currents were 
measured with a microammeter. Since beam 
area is not known for these initial experiments, 
the beam current density is not known. How- 
ever, with the glass surface facing the electron 
beam, reversible thermochromic transitions in 
Ag 2 HgI 4 were observed above about 5 kilo- 
volts and at 30 microamperes. (See figs. 2, 3, 
and 4.) Under these conditions, it was also 
possible to decompose the specimen by holding 
the beam stationary. Similar results were ob- 
served with Cu 2 HgI 4 . The transition was re- 
versible, but it was important not to allow the 
material to overheat. If overexposure oc- 
curred, there was partial decomposition. 

Finally, a sample of Ag 2 HgI 4 on thin con- 
ducting glass was placed in the demountable 
CRT with the thermochromic facing the beam. 
Working at beam currents of about 1 micro- 
ampere and systematically varying the voltage, 
only irreversible color changes were observed 
as the voltage was increased from 10 kilovolts. 
At about 30 kilovolts the appearance of the re- 



Figuke 3. — Writing on thermochromic in demountable 
CRT. 



Figure 4. — Second view of writing on thermochromic 
in demountable CRT. 


versible transition was noted. It thus appears 
from this experiment and from the electron- 
microscope experiments that voltages higher 
than 30 kilovolts are desirable if the electron 
beam is to impinge directly on the thermo- 
chromic. 

The work thus far has demonstrated that 
thermochromic behavior can be induced by 
electron bombardment, either with a thermo- 
chromic alone or with a thermochromic-phos- 
phor mixture as the target material. How- 
ever, much remains to be done before a practical 
CRT using a thermochromic or a thermo- 
chromic-phosphor mixture is a reality. The 
effect of the substrate on the “writing” and 
“erasure” times was emphasized by the results 
of the experiments in which substrates of dif- 
ferent thicknesses were used. The unexpected 
result that thermochromic behavior was ob- 
served under high accelerating voltages, while 
decomposition of the thermochromic occurred 
apparently under less energetic conditions, 
points to the fact that a quantitative knowledge 
of the beam energy, the dwell time of the elec- 
tron beam, and other operating parameters of 
the CRT is necessary before a display device 
can be properly designed. 

In addition to the applications already men- 
tioned, at least two more possibilities are being 
considered. One involves the use of a thermo- 
chromic computer input board similar to a 
Rand Tablet, and the other involves a combined 
electroluminescent-thermochromic device. 
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A Rand Tablet is a graphical input device 
for a digital computer using a crossed grid of 
wires separated by a dielectric. One “writes” 
using a capacitance probe, and the junctions are 
sampled sequentially to sense the position of 
the probe. With a matrix of reasonable size, 
for example, 1000 by 1000 wires, this requires 
extremely high sampling rates to sense the posi- 
tion of the probe unless it is moved very slowly. 
The use of thermochromics and a heated probe 
would allow one to see what he is writing and 
also greatly reduce the requirements for high 
sampling rates, since the conductivity of indi- 
vidual junctions remains high until the material 
has reverted 1 to its 1'ow temperature form. 

Display devices combining thermochromics 
and electroluminescence should yield a display 
suitable for operation over a wider range of 
ambient illumination than either a pure thermo- 
chromic or electroluminescent device alone. The 
electrical conductivity of the high-temperature 
form of the thermochromic could provide a 
storage mechanism for the EL. 

Materials 

It is appropriate to emphasize some of the 
limitations of thermochromic materials. Their 
main disadvantage is that the color change de- 
pends on heat. This implies possible high 
power consumption and thermal instability. 
Before either of these factors can be fully as- 
sessed, an actual device configuration is neces- 
sary. In an actual device, the heat capacity 
and thermal conductivity of the substrate must 
be taken into account. 

A slow decomposition is observed when either 
Ag 2 HgI 4 or Cu 2 HgI 4 is maintained for ex- 
tended periods of time about 10° O above their 
respective transition temperatures. Static 
weight loss studies are shown in figure 5 . Ther- 
mal decomposition has also been observed in 
long-term cycling tests. In the cycling tests, 
Ag 2 HgI 4 still showed some thermochromic ac- 
tivity after 475 000 cycles (—11 months) , while 
the Cu 2 HgI 4 was almost totally decomposed 
after 153 000 cycles (— 3p2 months). Because 
decomposition involves the formation of the rel- 
atively volatile mercuric iodide with subsequent 
loss of thermochromic activity, some prelimi- 
nary encapsulation techniques were attempted 
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Figtjbe 5.— Percent weight loss of Ag 2 HgI 4 and Cu 2 HgI 4 
after 3 months at constant temperature. 

to impede this loss. The results (fig. 6) indicate 
that encapsulation improves lifetime, and 
further improvement can be expected by vary- 
ing the nature of the encapsulant. 

A series of ternary chalcogenides of the 
general formula M 2 M'X 4 , where M was either 
Al 3+ , Ga 3+ , or In 3+ , M' was Zn 2+ , Ca 2+ , or Hg 2+ , 
and X was either S 2 ~, Se 2_ , or Te 2 ~, have been 
investigated. These compounds were chosen for 
study because many of them were reported to 
have crystalline structures similar to the ter- 
nary mercuric iodides mentioned above and 
might be expected to undergo an order-disorder 
transformation (ref. 8). In addition, the chal- 
cogenides are known to be more stable than the 
iodides. Most of these compounds were found to 
be black and as such could not be used. Most of 
the colored ternary chalcogenides showed only 
very small reflectivity shifts. One exception, 
CdIn 2 S 4 , gave a reflectivity shift at approx- 
imately 500 A on heating (fig. 7 ). A visual 
color change from dullish orange at room tem- 
perature to a reddish orange color at 95° to 100° 
C was observed for this compound. Both static 
thermal stability tests at 110° C and weight loss 
studies at room temperature under continuous 
evacuation (10~ 7 torr) showed that CdIn 2 S 4 
was very stable. This material, however, has 
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Figure 6. — Percent area loss of plastic encapsulated 
AgiHgli and Cu 2 HgI 4 as a function of time at a con- 
stant temperature. 


limitations; the color change takes place oyer 
a relatively broad temperature range and does 
not afford good contrast in white light. Specific 
heat data as a function of temperature have 
shown that no latent heat accompanies this 
color change (fig. 8) . This is not the case with 
the ternary mercuric iodides. 2 

In addition to the ternary chalcogenides, the 
preparation of more useful thermochromics has 
involved partial substitution in the ternary mer- 
curic iodides. Materials have been prepared in 
which Cd 2+ was substituted for Hg 2+ and Br“ 
or 01“ ion was partially substituted for iodide 
ion in Ag 2 HgI 4 . In the case of partial cationic 
substitution, the transition temperature in- 


2 The authors are indebted to the Perkin Elmer Corp., 
Norwalk, Conn., for these measurements. 
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Figure 7. — Reflectance curves for /S-CdlnsSi and 
a-CdIn 2 S 4 . 

creased with increasing amounts of Cd 2+ , reach- 
ing a range near 88° C for 40 percent Cd 2+ . 
Bather broad transition temperature ranges 
were noted for these formulations. Partial 
anionic substitution by either Br~ or CT caused 
a lowering in the transition temperature. No 
linear relation between the amount of bromide 
ion substituted and the transition temperature 
was noted. The optimum thermochromic prop- 
erties for the bromine-substituted formulations 
occurred at 4 percent bromide ion and the transi- 
tion temperature changed from 50.5° C for the 
Ag 2 HgI 4 to 42±2° C and from 69° C to 50° C 
for Cu 2 HgI 4 . 

Measurement of specific heat as a function of 
temperature on the optimum bromide-substi- 
tuted formulation Ag 2 HgI 3 . 84 Br 0 .i6 showed a 
highly endothermic phenomenon starting at 



Figure 8. — Thermogram for OdIn 2 S 4 . Range: 2 milli- 
calordes per second, full scale. Scan speed : 10° per 
minute. Paper speed : 1 in. per minute. N 2 purge : 
\ 20 cc per minute. 
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about 44° C. The results are shown in figure 9. 
Endothermic behavior was observed in earlier 
studies on Ag 2 HgI 4 ( ref. 9 ) . 

Efforts to produce more stable and useful 
thermochromics are continuing. One system 



Figure 9. — Thermogram for Ag2HgI3.84Bro.19. Range : 2 
millioalories per second, full scale. Scan speed : 10° 
per minute. Paper speed: 1 in. per minute. N 2 
purge : 20 cc per minute. 


that shows promise at this time is the Agl-Pbl 2 
system. The thermodhromic compositions 
2AgI : Pbl 2 , 3AgI : Pbl 2 , Agl : Pbl 2 , and 2AgI : 
3PbI 2 have been prepared. The thermochromic 
behavior of such compositions is described as 
follows : 

3AgI:PbIa — broad transition, yellow to red, 

99° to 137° O, pronounced change 
at 124° 0 

2AgI :PbI 2 — broad transition, lemon yellow to 
reddish orange, 110° to 137° C 

Agl :PbI 2 —broad transition, yellow to orange 
red, 99° to 135° C 

2AgI:3Pbl2 — broad transition, yellow to red 
orange, 97° to 137° C 

X-ray studies indicate that these are all 
solid solutions rather than stoichiometric 
compounds. 

Static weight-loss tests were conducted on 
2AgI : Pbl 2 at 150° C and atmospheric pressure 
for 2 months. No change was observed in that 
time. Weight-loss tests were also conducted on 
2AgI : Pbl 2 under continuous evacuation at 10' 1 2 3 4 5 6 7 
torr and room temperature for T9 days. Ini- 
tially, there was a weight gain of 2 percent 
after 5 days. No further weight change was 
noted for the remaining time, but the sample did 
show some darkening of the surface color. 
These systems definitely show promise as pos- 
sible display materials. They have good con- 
trast, thermal stability, and apparent fast 
response. 
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PROPERTIES AND APPLICATIONS OF 
PHOTOCHROMIC GLASSES 


R. J. Araujo 

Research and Development Laboratories , Corning Glass Works , Coming , N.Y. 


The behavior of photochromic glasses results from reaction of light with silver 
halide crystals deliberately formed in the glass during its manufacture. The mechanism of 
the photolytio reactions is postulated and compared with the theory of the photographic 
process for silver halides. Reversibility of photoehromism in these glasses is explained by 
prevention of diffusion of the products of photolysis from the original crystal site within 
the glass structure and their subsequent recombination when the activating light is removed. 
These glasses show large ranges in all their photochromic properties resulting from ranges 
in composition and in size and number of the included crystals. The behavior of typical 
glasses is reported in this paper, and some applications for these glasses are suggested. 


Introduction 

A photochromic material is one that under- 
goes a change of color when exposed to light 
and reverts to its original color when the light 
is removed. Articles carrying extensive bibli- 
ographies have been written 'by Brown and 
Shaw (ref. 1) and by Schwab and Bertelson 
(ref. 2). 

Organics 

Schwab and Bertelson divide the reactions in 
different organic photochromic materials into 
six categories; Windsor (ref. 3) reduces these 
to the following three main classes of general 
interest, based on how they work. 

Stereoisomers. — Absorption of light breaks 
one of the chemical bonds in a ring molecule, 
thus allowing the molecule to unwind and 
form a different geometrical arrangement. The 
reverse process is a re-forming of the bond. Ex- 
amples of this class are the spiropyrans and the 
anils. 

Dyes. — A triphenylmethane dye, for example, 


is oxidized by energetic light; the absorption 
characteristics of the positive ion so formed are 
different from those of the original electrically 
neutral benzene rings. 

Triplet states. — In the class of polynuclear 
aromatic hydrocarbons, ground-state molecules 
are excited first to a singlet state by irradiation, 
and then, via the lowest triplet state, go to an 
excited triplet state. Visible light is absorbed 
in the triplet-triplet transition. 

Inorganics 

To the major classes of organic photochromies 
must be added several kinds of inorganics, also 
listed and described by Brown and Shaw. 

Alkaline earth sulfides. — Traces of a metal 
such as manganese or bismuth appear to be 
necessary for photoehromism. 

Zinc sulfide. — Lithopone, observed as early as 
1881, is a compound of zinc sulfide and barium 
sulfate. The zinc sulfide appears responsible 
for the compound’s sensitivity to light. 

Titania and alkaline earth titanates. — In the 
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titanates, a contaminant, such as iron or any of 
several other metals, also appears necessary for 
darkening to occur. 

Mercury compounds . — Many of the mercury 
compounds, particularly those containing a 
halogen, have been observed to be photochromic. 

In all of these materials, the photochromic re- 
sponse will depend on the intensity and spectral 
character of the incident light; on environ- 
mental parameters such as temperature, sup- 
porting matrix, or solvent ; and, in most cases, 
on previous history. Most of the systems so 
far reported are only partially reversible, re- 
versible with difficulty, or subject to “fatigue” — 
a change in behavior due to long use or 
lengthy storage. If the photochromic reaction 
is to be truly reversible, the quantum yield gen- 
erally will be equal to, or less than, unity. 
When we compare this with a yield several 
orders of magnitude higher (in extreme cases, 
as high as 10 s ) for ordinary silver halide pho- 
tography, in which energy is added to the sys- 
tem chemically during development, we realize 
that photochromic processes are very “slow” in 
the photographic sense (ref. 4). However, 
these light-sensitive materials are unique in 
that the image is formed directly, and chemical 
processing to develop a latent image formed 
during exposure is unnecessary. In general, 
these inorganic materials are both reversible 
and reusable. 

Glasses 

Three general classes of photochromic glasses 
have been reported in the literature and these 
are described in the following sections. 

Hackmanite types . — Hackmanite is a nat- 
urally occurring mineral of the soda alumina sil- 
icate-sodalite group; it has the stoichiometric 
composition 18 (Na 20 ‘Al 2 03 - 2 Si 02 ) -SNaC!- 
Na 2 S0 4 and is, supposedly, a cubic crystal. It 
is usually opaque, white or blue, but can be 
melted to a glassy state, translucent to reason- 
ably transparent, if a flux such as B 2 0 3 is added. 
The minimum reported haze is 30 percent. 
With proper amounts of flux, the material 
darkens with exposure to ultraviolet light and 
can be bleached with longer wavelength 
(visible) light (ref. 5). Addition of other 


halides, such as bromide and iodide, can shift 
the absorption spectrum (color) of the resultant 
glassy material when it is darkened. 

Cerium or europium . — Cohen and Smith (ref. 
6) report that in suitably purified base glasses, 
either of pure silica or soda-silica, the addition 
of small amounts of cerium or europium, typi- 
cally 100 ppm, has produced photochromic ma- 
terials. Ultraviolet irradiation is absorbed by 
bands of cerium III or europium II centered in 
the ultraviolet, and it transfers photoelectrons 
to nearby traps that absorb in the visible re- 
gion, producing an amethyst color. Decay times 
are typically a few seconds. Although the 
coloring and fading processes may be cycled re- 
peatedly, the absorption band in the visible re- 
gion (which produces the color) decreases in 
intensity with usage. This is believed to result 
from the photo-oxidation of the europium II 
to europium III. However, the band may be 
reduced, and the glass therefore resensitized, 
by exposure to short-wavelength ultraviolet 
light. These glasses, and their fatigue after ex- 
posure, have been studied in detail by Swarts 
and Pressau (ref. 7) . 

Silver Halide Photochromic Glass 

Photochromic glasses that are truly reversible 
have been reported by Armistead and Stookey 
(ref. 8) of Coming Glass Works. The inter- 
esting properties of these glasses are a result of 
the minute particles of silver halide that are 
suspended in the host glass. A wide range of 
base glasses has been found to be suitable — 
alkali-metal borosilicates are perhaps the best, 
considering general glass qualities (clarity, du- 
rability, ease of melting, and forming) and pho- 
tochromic behavior. Both the composition and 
the thermal history of the glass have large 
parts in determining its resultant photochromic 
properties. At high concentrations of the sus- 
pended colloid or following heat treatments 
which produce large average particle size, the 
glasses are translucent or opaque. The upper 
limit of silver for the transparent glasses is usu- 
ally about 0.7 weight percent. Other metals, 
in the form of polyvalent oxides, including ar- 
senic and antimony, tin and lead, and copper, 
increase the sensitivity and the photochromic 
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absorbance. Electron-microscopic examination 
of the photochromic glasses shows small, dense 
particles, which are not seen in glasses that, be- 
cause of composition or improper heat treat- 
ment, are not photochromic. The average par- 
ticle size and number can be determined (with 
limitations) by 'counting from such photo- 
graphs, or, with more precision, by small-angle 
X-ray scattering measurements. In general, 
glasses with particles less than about 50 A in 
diameter are not photochromic. Above about 
300 A, the particles scatter light, and the re- 
sultant glass is opal. For particles of average 
diameter (100 A) , present in a concentration of, 
say, 0.2 percent in the glass, there will be about 
4X10 15 particles/cm 3 , with an average spacing 
of 600 A between particles. 

General Properties 

Large possible ranges and variations in com- 
position, coupled with variations in time, tem- 
perature, and schedule of any subsequent heat 
treatment, provide a wide range of photo- 
chromic properties, greatly different rates of 
darkening and of recovery, and similarly large 
ranges of dependence of reaction rates and 
equilibrium states on temperature. The glasses 
are darkened by absorption of high-energy 
photons, in the near-ultraviolet or shorter wave- 
length visible region of the spectrum. The 
long- wavelength limit of the spectral sensitivity 



Figure 1. — The approach to equilibrium absorbance 
at different levels of incident energy. Wavelength 
of the activating light was 4000 A. 



Figure 2. — Recovery of three glasses of different fad- 
ing rates, after activation. The glass labeled EX-IE 
has a relatively very high thermal-fading constant. 


for darkening is higher for glasses that contain 
the heavier halogens. 

The rate of darkening is primarily dependent 
on the intensity of the light (in the proper 
spectral region) . The approach to equilibrium 
absorbance for a glass illuminated at three dif- 
ferent intensities is shown in figure 1. The 
rate of natural recovery is primarily determined 
by glass composition and heat treatment. Re- 
covery in normal room light after irradiation 
is shown for three different glasses in figure 2. 
Recovery (to half-maximum absorbance) in the 
dark at room temperature is measured at times 
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Figure 3. — Steady-state optical density versus light 
intensity, at constant temperature. The thermal- 
fading rate constant of glass EX-AE is greater than 
that of glass 04291100. Glass 04191900 is a relatively 
very slowly fading glass. 
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Figure 4. — Photochromic darkening and fading in three 
representative glasses, at room temperature (23° C), 
with light of constant intensity. 


ranging from a few seconds to hundreds of 
hours. Absorption coefficients at equilibrium 
range up to about 20 cm -1 for the initially trans- 
parent glasses ; that is, a resultant transmittance 
of about 15 percent for 1-millimeter thickness. 
The photochromic darkening for three glasses, 
selected to have a wide range of darkening and 
fading rates, is depicted in figure 3. The rela- 
tive linearity of absorbance with intensity can 
be seen to depend on the fading rate of the glass, 
which is rationalized later in this paper. The 
short-time approach to equilibrium of three 
selected glasses, under constant illumination at 
room temperature (23° C), is seen in figure 4; 



Figure 5. — Photochromic darkening and fading in 
three representative glasses at 46° 0. Comparison 
with the curves of figure 4 shows the interdepend- 
ence of equilibrium absorbances, rates of approach to 
equilibrium, and temperature. 


figure 5 shows the behavior of the same three 
glasses at 46° C, with the same light source. 
The light from the arc was turned on at times 
zero and turned off after 120 seconds. The 
glasses were chosen to show differences of fad- 
ing rates and equilibrium absorbance. The 
samples were maintained at the stated fixed 
temperature so that the glass temperature was 
not appreciably raised by the energy absorbed. 
The increased effect of change in ambient tem- 
perature on a faster clearing EX-AE is illus- 
trated by these curves. 

Theory 

It is expected, of course, that silver-halide 
crystals will be decomposed by light to form a 
silver image, as in conventional silver-halide 
photographic film. An essential difference, 
however, is that in conventional silver-halide 
photography, the incident photons decompose 
the atoms within the crystal into elemental sil- 
ver and halogen ; the silver may be subsequently 
chemically developed, and the halogen diffuses 
away from the original crystal site. In the 
silver-halide glasses, the halogen is held within 
the surrounding glass matrix, and is available 
for recombination with the silver, permitting 
recovery of the glass to its original, colorless 
state after the light is removed. The recom- 
bination occurs by two independent processes : a 
natural, thermal recovery, or by interaction 
with light of longer wavelength (lower energy) 
than that which darkens the glass. For these 
silver-halide crystals, the behavior is deter- 
mined both by states at their surfaces and in 
their interior. But the simplifying assump- 
tion of a single species and first-order reactions 
permits generalizations about the behavior of 
the glasses. Under illumination, the change of 
concentration of absorbing color centers for this 
case will be given simply by 

fl c 

^ t ==k d I d A-(k f I,+k d I d +k t )c (1) 

where c is the concentration of color centers; 
hi, hf , and Jc t are generalized rate constants for 
darkening, optical bleaching, and thermal fad- 
ing, respectively; I d and If are the integrated 
intensities of the light, darkening and fading, 
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over the respective wavelength ranges ; and A is 
the’ initial concentration of sensitizable centers 
in the glass. When equilibrium is attained, 
dc/d£=0, and the equilibrium concentration of 
color centers will be 


k d I d A 

kfIf-\-k t -\-k a I c i 


( 2 ) 


veniently studied (separately from the kinetics 
of fading) in glasses having extremely slow 
fading rates. Best attempts to fit curves to 
carefully measured darkening and fading data 
lead to the following conclusions. 

The darkening is described by two first-order 
darkening terms: 


The photochromic behavior of any glass will 
be determined, therefore, by the relative mag- 
nitude of the rate constants describing it ; these 
constants are determined by the composition of 
the glass and by the state of the crystals pro- 
duced from it; that is, by its heat treatment. 
If we assume the thermal-fading rate con- 
stant (s) to be vanishingly small, then c& is in- 
dependent of the light intensity (for constancy 
of the ratio of darkening to bleaching light in- 
tensities) ; if the total thermal-fading rate is 
large and becomes the determining rate con- 
stant, then c s is proportional to the intensity. 
Figure 6 schematically displays these relation- 
ships at an assumed fixed temperature. (Note 
that the curves in fig. 3 are similar to the 
intermediate case shown in fig. 6.) 

Although equation (1) is useful for qualita- 
tively explaining some properties of the glass, 
it fails to quantitatively describe actual kinetic 
data. The kinetics of darkening is most con- 



Figtjbe 6. — Color center concentration at equilibrium 
versus intensity of illumination. The dependence 
on intensity is determined by the relative values of 
the rate constants for darkening and bleaching by 
light and for thermal fading. 


~ ~ d^ +hUA 2 -x 2 ) (3) 

where the ®’s are related to the concentration of 
color centers in such a way that Xj_+x 2 is equal 
to the absorbance, and A x + A 2 is the maximum 
concentration of color centers attainable ; there- 
fore, A t +A 2 =x ! + x 2 at £=oo. This suggests 
strongly that surface darkening and volume 
darkening are two separate modes, which de- 
termine the behavior of these crystals. 

Data from a single thermal fading experi- 
ment are very well described by equation (4), 

In (x)=—k In (£+£„)+ k' (4) 

where (x) represents the absorbance, k and k' 
are adjustable constants, and t 0 depends on k, 
k' and the initial value of (x). 

The constants in equation (4) change when 
one changes the darkening conditions, such as 
length of time illuminated and intensity of acti- 
vating light. In other words, the fading rate 
is not a unique function of the absorbance. 

One can construct a model of carriers diffus- 
ing through the crystal and recombining with 
oppositely charged carriers when a critical sep- 
aration is reached. Such a model can be shown 
to be completely consistent with equation (4). 
Furthermore, it qualitatively explains why the 
fading rate is not a unique function of the 
absorbance. 

A continuous density function of electron 
concentration exists, which depends on the sep- 
aration of the electrons from the holes with 
which they will recombine. The fading rate 
depends only on the gradient of the density 
function at the critical separation, while the ab- 
sorbance depends on the integral of the density 
function over all separations. Hence, these two 
properties are not rigidly correlated. 
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Applications 

The properties of the photochromic glasses 
discussed previously suggest some possibilities 
for their use in optical systems including in- 
formation storage and display, photography, 
and glazing in buildings and in vehicles. Pre- 
scription lenses of photochromic glass are com- 
mercially available. Megla (ref. 4) suggested 
a display system that can be used to intensify 
the image on a screen without increasing the 
power density of the projection light source 
(fig. 7). The projected light beam is first 
filtered to permit only the bleaching wavelength 
(A B l around 600 m/x) to pass via a dichroic 
mirror to a photochromic glass plate acting as 
a display screen. There, the beam forms a 
bleached image on the preactivated photo- 
chromic glass plate. The rest of the glass is 
continually darkened by a flood illumination 
source that peaks at around 380 m/x. This uv 
irradiation is adjusted so that it is weak enough 
to be overruled by the information contained 
in the bleaching beam. As shown in figure 7, 



Figure 7. — PhotocUromic glass as display screen. 


this can be achieved by activating the glass to 
a level corresponding to the upper part of the 
linear range of the D versus log f? AC T curve. 
A green floodlight of high intensity illuminates 
the photochromic screen after being reflected by 
the dichroic mirror. As pointed out previously, 
the green light of A=550-m /x wavelength can be 
considered as a neutral wavelength and, there- 
fore, does not affect the photochromic glass. 
However, it will pass through the bleached 
parts of the photochromic glass plate and will 
be absorbed by the activated ones. Thus, an 
amplified image can be viewed from the observer 
side of the screen. 

Depending on the fading rate of the par- 
ticular photochromic glass used, the image can 
also be stored for a longer period. Several 
variations of this principle are possible. For 
instance, during the display process, informa- 
tion can be added onto the photochromic glass 
screen with a .separate collimated bleaching 
light source. Another variation would be to 
coat the back side of the photochromic glass 
with a green-light-transmitting and red-light- 
reflecting dichroic layer, permitting the front 
side of the screen to be viewed. An additional 
advantage of this technique is that the bleaching 
light energy would be reflected from the dichroic 
layer and would pass through the photochromic 
glass twice, thereby increasing the bleaching 
action. 

Although the detailed requirements for each 
application may vary widely, silver-halide- 
containing photochromic glasses belong to such 
a large family that it is believed many of these 
requirements can be satisfied. 
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FLUIDIC DISPLAYS 



J. Van Der Heyden 
Martin Marietta Corp ., Orlando , Fla. 


This paper discusses recent developments in the field of fluidic displays and illustrates 
some of the areas in which fluidic display may be used. 

Some of the basic advantages of fluidic systems are discussed in the first section of 
this paper. The treatment of fluidic displays is subdivided into a section on conventional 
fluid display systems, Which can be used in conjunction with fluidic systems, and a section 
that covers the fluidic displays especially developed for use with fluidic computers and 
control systems. 

In conclusion, some ideas that up to now have only been investigated in a cursory 
manner are presented as possible solutions to some of the problems associated with fluidic 
system displays. 


Introduction 

Fluidics is the field of technology of no- 
moving-parts fluidic components and systems 
for sensing, control, and logic (refs. 1 and 2). 
Fluidic devices operate faster than conventional 
pneumatic or hydraulic components. It has 
been established that, for certain applications, 
fluidic systems will exhibit high reliability, low 
cost, simplicity, freedom of maintenance prob- 
lems, and an unparalleled hardness to nuclear 
radiation. 

The significant contribution of fluidics has 
been that of partially closing the gap between 
conventional fluid and hydromechanical con- 
trols and electronic controls. Fluidic systems 
will be used extensively where new emphasis on 
automation and increased demands on cost and 
reliability are encountered. 

Fluidics technology has grown rapidly from 
the basic inventions of 1959. Predictions are 
that the gross market in fluidics will be on the 
order of $200 million to $300 million by 1970, 
and part of this expenditure will be applied to 
fluidic display systems. 
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The Need for Fluidic Displays 

Generally, any fluidic system application will 
have to be considered on an overall system, basis 
rather than on an individual part-for-part sub- 
stitution for control components. For in- 
stance, in cases where a fluidic system is con- 
sidered as a replacement for an electronic 
system, it is easier to use fluidic sensing equip- 
ment than to use electrical-to-fluid signal 
transducers. 

Interfaces between fluidic and electrical sys- 
tems must be kept to a minimum or, if possible, 
eliminated completely to preserve the basic ad- 
vantages of fluidic systems. 

An example of a rather complex fluidic de- 
vice (by present-day standards) using a fluidic 
display is shown in the model of a digital in- 
tegrator (fig. 1). A digital integrator, called 
a digital differential analyzer (DDA), is an 
essential part of a digital computer. It per- 
forms a numerical integration of an area under 
a curve by successively summing all small area 
increments under a curve, as shown in figure 
2(a). 
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Figube 1 . — Fluidic DDA. 


The DDA consists of two binary circuits — 
a counter and a summer. The initial value of 
a dependent variable y is stored in the counter 
and can be changed by supplying pulses to the 
dy input shown. The summer contains a sum 
register and an addend register and the neces- 
sary carry logic to complete requirements for 
the addition process. In operation, the sum- 
mer is supplied with two periodic signals, 180'° 
out of phase. These are the add, or d£, and 
shift inputs shown in figure 2 (ft). In the 
proof-of-principle model, these signals were 
supplied through manually operated valves 
rather than by a fluidic signal generator. 

The d£ input essentially divides the time scale 
into small increments, each d£ units wide. 
When it is momentarily interrupted, it com- 
mands the system to add the number in the 
counter (the y value) to the number that exists 
in the addend register. The number in the 
addend register is the value of the previous sum 
that was stored in the sum register. This value 
is transferred to the addend register by a 
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Figure 2. — DDA operation, (a) Numerical integra- 
tion; (6) logic diagram. 


momentary interruption of the shift input. 

Assume that some number (y) is stored in 
the counter and that the sum and addend regis- 
ters are set to zero. The first d£ command adds 
this value (y) to the value in the addend regis- 
ter (0) and stores the answer in the sum register. 
This value represents the area of the first y d£ 
area block under the curve of figure 2(a). Now 
the shift input is pulsed, which transfers this 
value to the addend register. The second d£ 
command then adds the value in the counter to 
the value in the addend register (the previous 
sum) and stores this new value in the sum regis- 
ter. This value corresponds to the area under 
the curve represented by the first two y d t area 
blocks. 

The sum register of a DDA has a finite ca- 
pacity that is determined by the number of bi- 
nary bits making up the system. When enough 





FLUIDIC DISPLAYS 


of these y d£ area blocks are added into it, the 
register will overflow and generate a dz output. 
This dz output is proportional to a known 
amount of area under the y time curve and is 
equal to ky d£. If the value of y is decreased, a 
greater number of additions will be required to 
generate a dz output. If the value of y is in- 
creased, fewer additions will be required. Each, 
dz pulse represents an area under the curve of 
ky dt ; to obtain the total area, or the integral of 
ky dt, it is only necessary to count the number of 
dz pulses that appear. 

Consider what happens when the dz output 
is connected back to the dy input. Since dz= 
ky dt, and in this case dy=dz, by substitution 
dy = ky d£ is obtained. Separating the variables 
produces dy/y=k dt, and integrating produces 
log y=kt+0. Solving for y gives y=e (,c<+C) = 
Cy&K So the number y that appears in the 
counter is the solution to the simple differential 
equation d y/y=k dt. One DDA can solve this 
equation only; however, by suitably intercon- 
necting a number of DDA’s, many complex 
equations can be solved. 

The DDA uses two distinct fluidic logic ele- 
ments — the flip-flop and the QR-NOR gate. 
The logic gates are schematically shown in fig- 
ure 3. The logic gates shown work on the wall 
attachment principle, also called the “Coanda 
effect.” The fluid supply tends to attach itself 
to one sidewall as shown. A control signal ap- 
plied through the control ports will force the 
output fluid jet to the output leg opposite the 
control port. The Coanda effect will, due to the 
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Figure 3. — Logic gate schematics. 


geometry of the logic gate, cause the output jet 
to remain in the last commanded output leg, 
even after the control signal is removed. In 
order to obtain the monostable action of the 
OR-NOR gate, the sidewall is cut back suffi- 
ciently on one side to obtain stable operation in 
the desired direction when control signals are 
not present. Figure 3 also shows the electronic 
counterparts of the particular logic elements 
and the simplified schematic representations 
used throughout this presentation. Figure 4 
shows the complete logic schematic of the four- 
bit DDA. 

As shown in the schematic, a total of 132 logic 
elements were used to mechanize the circuit. 
The volume of the logic module is less than 0.6 
cubic inch. The logic elements are chemically 



Figure 4. — Four-bit DDA schematic. 
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etched into copper laminate with a thickness of 
0.004 inch. The interconnecting channels are 
also etched into 0.004-inch-thick metal planes. 
All logic elements and interconnecting planes 
are metallurgieally bonded together. The com- 
plete assembly of the 134 logic planes (shown 
in fig. 5) is approximately 0.54 inch high and 
each is approximately 1 by 1 inch in area. The 
package density of the logic gates is then ap- 
proximately 260 logic gates per cubic inch, 
which compares favorably with conventional 
electronic logic circuits. Power consumption 
for each of the logic gates is less than 50 milli- 
watts in equivalent pneumatic power. 

The display part of the DDA consists of a 
readout block mounted on the column of planes 
(fig. 1). The readouts consist of tiny flow- 
meters made by inserting precision steel balls in 
bored tubes. Because of the limited flow out- 
put of the miniature elements, clearance be- 
tween the ball and tube had to be held to 1 mil 
to insure proper operation. A readout is pro- 
vided for each counter and summer stage and 
for the overflow indicator. A more specific 
description of the mechanization and construc- 
tion of the fluidic DDA can be found in refer- 
ences 3 and 4. 

Obviously, if fluidic computers are going to 
be part of our aeronautic and space technology, 
new display methods must be found that will be 



Figure 5. — Logic planes assembly. 


compatible with the specific requirements of the 
fluidic systems. For instance, moving steel 
balls suffice for the demonstration unit, but are 
of limited use in airborne application. New 
and more advanced display techniques will have 
to be developed. 

Fluidic Displays 

For the purpose of this paper, a fluidic dis- 
play can be defined as any device that converts 
fluidic signals into information that can be 
sensed by human beings. Most of the fluidic 
displays covered are visual displays; however, 
aural and other displays can be easily generated 
with fluidic techniques. Obviously, the more 
attractive fluidic displays are governed by the 
same ground rule that covers the fluidic tech- 
nology as a whole : no moving parts. 

Like electronic display systems, one or more 
parameters important to the controlled process 
are sensed and then displayed as monitoring or 
instructional aids to human operators. The 
sensed and displayed parameter is some meas- 
urement of one or more of the properties or en- 
ergy levels of the fluid, such as pressure, den- 
sity, flow, and chemical affinity. 

Presently, most fluidic systems are used as 
control systems in an analog as well as digital 
mode, or as computers. Fluidic display hard- 
ware developments have, up to now, been re- 
stricted to the readouts on one or more of the 
controlled parameters of control systems and as 
readouts for fluidic computers. The field of 
fluidic displays can be conveniently subdivided 
into what may be called conventional fluidic 
displays, which are mainly direct applications 
of fluid instrumentation already available be- 
fore the development of the fluidic technology, 
and the more advanced fluidic display tech- 
niques developed because of, and in conjunction 
with, requirements specifically generated by the 
application of fluidic technology. 

Conventional Fluidic Displays 

A considerable amount of versatile instru- 
mentation for measuring fluid properties is 
available and can be used without major modi- 
fications as a fluidic display system. In keep- 
ing with the distinction that separates fluidic 
systems from other fluid-operated systems, the 
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mg with the distinction that separates fluidic 
systems from other fluid-operated systems, the 
conventional displays will be discussed in the 
following order : 

(1) No-moving-parts displays 

(2) Moving-parts displays 

(3) Fluidic-electronic displays 

No-Moving-Parts Displays 

Examples of what are considered conven- 
tional no-moving-parts displays are fluid ma- 
nometers, such as the familiar mercury barom- 
eter used to measure air pressure, and fluid-level 
indicators, such as steam-boiler-level indicators. 
The manometer is used to obtain information 
regarding fluid pressure, and can be used as an 
analog display as well as for indications of the 
on-off type. 

Moving-Parts Displays 

The design of most conventional moving- 
parts, analog-type fluidic displays is based on 
either the bourdon-type pressure gage or the 
fluid flow rotameter. In a typical bourdon- 
type pressure gage, the change in position of a 
coiled hollow tube or bellows resulting from a 
varied internal pressure is translated into a 
needle movement along a scale via some me- 
chanical linkage. The basic design of a rotam- 
eter consists of >a tapered hollow tube with a 
float inside the tube. If fluid flow is induced 
from the bottom of the tube, the float will move 
a distance proportional to the amount of flow, 
in cases where analog display is required. Two 
practical fluidic applications of these ideas are 
the demonstration model of a fluidic DDA, pre- 
viously discussed, and an on-off indicator as 
shown in figure 6 (ref. 5). 


Figtjbe 6 . — ON-OFF indicator. 


The on-off indicator uses a movable multi- 
colored disk, which is partly exposed through a 
window. A Change in pressure, applied to a 
pressure-sensitive mechanism, will move the 
disk behind the window. Several versions are 
commercially available and have been used ex- 
tensively in similar form in hydraulic and pneu- 
matic equipment. 

Fluid-Electronic Displays 

The advantages and availability of electronic 
display systems, such as CRT’s and recorders, 
are generally utilized to the fullest in measure- 
ment of fluid phenomena. Suitable transducers 
that translate fluid properties into electrical 
signals are available. 

Instrumentation, such as pressure transducers 
and hot-wire anemometers, is used extensively 
in the research and development stage of fluidic 
technology. The pressure transducers gener- 
ally employ strain gages attached to a dia- 
phragm. When fluid pressure is applied to the 
diaphragm, the strain-gage output will, with 
proper design, be proportional to the amount 
of pressure applied to the diaphragm. 

Hot-wire anemometers are employed to meas- 
ure flow in gases. The hot-wire anemometers 
consist of a small wire suspended in a fluid 
stream. The wire is heated to a predetermined 
value by an electrical current. The gas flow 
will cool the wire. The amount of heat ex- 
tracted from the wire is proportional to the 
amount of gas flowing around the wire. An 
indication of the amount of gas flowing is ob- 
tained by monitoring the amount of current 
necessary to maintain the wire at the pre- 
determined temperature level. 

Special instrumentation for fluidic work has 
been developed and is commercially available. 
From a research scientist’s standpoint, the versa- 
tility of electronic display equipment makes it 
almost ideal for use with fluidic equipment. In 
most cases, however, where display systems are 
part of an actual fluidic control system or com- 
puting device, the electronic equipment will be 
completely useless. 

The advantages of choosing a fluidic system 
instead of another system (particularly, an elec- 
tronic system) are low cost, resistance to nuclear 
radiation, and reliability. Adding an elec- 
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tronic display system to a fluidic system defeats 
these advantages. 

Advanced Fluidic Displays 

This category includes the display units spe- 
cifically developed for use with fluidic control 
systems or computers. In most devices classified 
as advanced displays, the concept of no moving 
mechanical parts and no electronics is strin- 
gently followed to preserve the advantages of 
fluidic systems. Most major efforts, up to now, 
have been concentrated on obtaining an accept- 
able fluidic alphanumeric display driven by 
fluidic logic circuits used as a decoder. 

Fluid Bead Display 

One device proposed recently (ref. 6) con- 
sists of a matrix of hollow glass cavities, as 
shown in figure 7. The cavity has a narro w sec- 
tion in the center of the tube. When a drop of 
fluid having sufficient surface tension is intro- 
duced in the cavity, the surface tension forces of 
the fluid will make the droplet attain a shape 
that exhibits the smallest surface area for the 
given volume — a sphere. Because the droplet 
of fluid is just large enough to fit in the end 
cavities, the narrow center section is an unstable 
state and the fluid bead will be located in either 
one of the two end cavities. Introducing pres- 
surized gas in either one of the two end cavities 
will force the fluid bead to the opposite side. 
The fluid bead will remain at the last position 
even after the gas pressure is turned off and 
thus acts as a memory device. 

A drawback of this display system is its physi- 
cal size and its sensitivity to shock and vibra- 
tion. At higher g-levels, the fluid bead ma,y dis- 
integrate and will not reunite spontaneously. 
Some of the fluids used as memory and display 
beads are mercury and various combinations of 
water and glycerine with coloring agents. 

Mercury has an extremely high surface ten- 



sion ; however, two objectionable characteristics 
(namely, the g-sensitivity and the toxicity of 
the fluid) make other liquids more desirable 
(ref. 6). The most advantageous system thus 
far reported is a drop of glycerine coated with 
a thin layer of silica powder. The surfaces 
touched by the fluid bead are coated with a 
water repellant to increase the surface-tension 
effect. 

Thermochromic Digital Display 

A more versatile approach to the fluidic alpha- 
numeric display problem is the use of thermo- 
chromic material (ref. 7). A thermochromic 
material will change color at a certain tempera- 
ture. The change from one color at the low- 
temperature level to the high-temperature color 
state can be repeated fast enough for use in a 
fluidic alphanumeric display unit. Several ma- 
terials exhibit thermochromic properties and in- 
vestigation of new materials is continuing. 

Figure 8 shows a model of a fluidic decoder 
and display device being built as part of a 
NASA-sponsored study contract on fluidic dis- 
plays (ref. 8). It is a good example of what 
can be obtained with state-of-the-art miniature 
fluidic components. The unit is only 6.25 cubic 
inches in volume and will be capable of decod- 
ing 16 bits of binary information into a five- 
digit octal display. The unit consists of the 
following components : 

(1) Electrofluid interface 

(2) Register 

(3) Binary -to-octal converter 

(4) Display decoder logic 

(5) Display 

The function of the electrofluid converter is 
to translate the incoming electrical signals into 
pneumatic signals of sufficient power to operate 
the fluidic logic elements in the remaining part 



Figure 7. — Glass cavity display. 


Figure 8. — Fluidic decoder and display module. 



FLUIDIC DISPLAYS 


77 


of the decoder and display device. The avail- 
able electrical signal is a 20- volt square wave of 
15-millisecond duration. It is postulated that 
a current of only 10 milliamperes is available 
because of computer limitations. The amount 
of pneumatic power required to obtain switch- 
ing flow for the miniature fluidic elements is 
small. These low-power requirements make it 
possible to consider several concepts of electro- 
fluid interface devices. The most promising 
device is a pneumatic flapper valve in which a 
piezoelectric crystal is used to open and close a 
small orifice. The pressure changes obtainable 
with this miniature device are sufficient to 
switch a miniature fluidic gate. The latest 
model of this device has been operated with an 
input as low as 10 volts dc. Because the amount 
of power required to switch the fluidic elements 
is extremely small, the necessary movement of 
the piezoelectric crystal can be obtained without 
using electronic oscillators and step-up trans- 
formers, which is a significant improvement 
over prior practice. 

The function of the register is to store the 


binary information, supplied by the computer 
via the electrofluid interface, for further proc- 
essing. The register consists of fluidic flip-flops 
that perform the function of a memory. A 
schematic of the register is shown in figure 9. 
The register input is obtained from two parallel 
pneumatic inputs: one input is the clock pulse; 
the second input contains the binary informa- 
tion. The register is actually a 16-bit fluidic 
shift register. 

The decoder logic module transforms the bi- 
nary information into corresponding signals to' 
the readouts. Figure 10 shows the logic design 
used to obtain the proper activation signals A 
through G from the four binary bits of informa- 
tion available from the register. 



Register 


Figure 9. — Serial register schematic. 
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Figure 10. — Display logic module schematic. 
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The particular logic design used is by no 
means the most economical, from the standpoint 
of the number of logic gates used, but experi- 
ments showed that when certain limitations on 
fan in and fan out were observed, the logic gates 
could be operated at lower gas supply pressures 
which, in turn, reduce the total power consump- 
tion of the decoder. 

The decoder logic gates are formed in sheets 
of 0.004-inch-thick copper by a chemical etching 
process. Each etched plane contains two logic 
gates, as illustrated in figure 11 (which shows 
the actual size of the planes used in the decoder 
logic module) . Also shown is one of the planes 
containing interconnections between the logic 
element planes. The complete decoding logic 
block is formed by diffusion bonding of in- 
terconnecting planes and element planes into 
one integrated assembly measuring approxi- 
mately 1.2 by 1.0 by 0.4 inches. The integrated 
bonded assembly is free from leakage paths, 
which are common causes of malfunctions in 
conventional fluidic circuitry, and the small in- 
terconnections have resonant frequencies far 
above the response time of even the compara- 
tively fast miniature fluid gates, thus eliminat- 
ing another problem so often experienced with 
larger fluidic logic element assemblies. 



Figure 11. — Decoder planes. 

Figure 12 shows a fluidic numeric display 
digit which uses the thermochromic material 
to obtain color contrasts. The conversion tern* 
perature is around 50.5° C for the material used 
in this demonstration model. Other thermo- 
chromic materials with different conversion tem- 
peratures and different color characteristics 
may be used, however, when so desired. 



Figure 12. — Thermochromic display. 


The model shown in figure 12 uses a Nichrome 
wire heater to keep the material in the “hot” 
color state. When room temperature gas is ap- 
plied to the display module, the gas will cool 
the appropriate areas sufficiently to obtain a 
readable display. It is possible to eliminate the 
heater and use hot gas to effect the color conver- 
sion. Since experiments show that the obtain- 
able conversion cycle time is increased when the 
hot-gas system is used, the technique employed 
in the model, wherein the thermochromic ma- 
terial is normally kept in the “hot” color state, 
is preferred. 

Because cooled gas can be obtained fluidically, 
by either expansion of a gas through an orifice 
or with the use of a Hilsch tube, it is possible 
to obtain two gas supplies at two different tem- 
peratures. When two gas supplies are avail- 
able, the cycle time is again increased consider- 
ably. Gas consumption will, of course, increase. 

Figure 13 shows a cross section of the thermo- 
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Figure 13. — Cross section of the thermochromic 
display models. 
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chromic display module. The thermochromic 
material is deposited on a paper-base film. The 
film is fastened to a suitable base material, such 
as aluminum or plastic. A recessed cavity 
underneath the thermochromic material is used 
to house the heating wire and is also used as a 
channel for the fluids. 

This particular configuration of the display 
model was developed with two somewhat con- 
tradictory requirements in mind : low gas con- 
sumption and relatively severe updating re- 
quirements. The aimed- for updating cycle 
was once per second, which is extremely slow 
for electronic alphanumerical displays, but 
proved to be somewhat of a problem for fluidic 
thermochromic displays. 

As far as the construction of the display unit 
is concerned, the best results were obtained with 
a hard-coated aluminum 'base block, where the 
hard coat serves as an insulation for the uninsu- 
lated Nichrome wire, a paper base, and a Mylar- 
base film mask. (See fig. 13.) 

Considerable difference in time cycles can be 
obtained by changing some of the dimensions of 
internal channels, etc., since the obtainable min- 
imum time intervals are largely dependent on 
the thermal capacity of the immediate environ- 
ment of the thermochromic material. 

The design goal set for the construction de- 
tails was to obtain a miniature fluidic-thermo- 
chromic display module approximately 114 by 
1 by y 2 inches, which included a complete fluidic 
binary-to-decimal decoder. 

Other Fluidic Display Devices 

Some rather simple devices that can be used 
as fluidic display units are described in the fol- 
lowing paragraphs. Exploratory work has been 
done on some of these ideas, but to date no 
known display actually uses the characteristics 
described. 

The first series of relatively unexplored de- 
vices consists of small, hollow geometrical 
shapes that are built from resilient material. 
Application of air pressure to the hollow device 
will change the shape sufficiently to obtain visual 
effects. Figure 14(a) shows one of the hollow 
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Figure 14. — Geometric shapes, (a) Hollow; (&) 
deflatable. 

devices that may be constructed in such a way 
that the applied fluid pressure will expose a 
light or a mirror. Another device that works 
on a similar actuation principle is shown in 
figure 14(5). This device consists of a small, 
deflatable, transparent hemisphere. In the in- 
flated position, the hemisphere is in close con- 
tact with a suitable contoured background. 
This close contact is lost in the deflated position. 

The amount of light that will be returned 
from the device when used as a reflector will be 
a function of the refractive indices of the ma- 
terial of the hemisphere and the material with 
which it is in contact. Proper selection of the 
background material and the hemisphere ma- 
terial may result in a usable contrast between 
the inflated and deflated states. 

Another device, which has only been explored 
briefly and insufficiently, is a fluidic analogy of 
a CRT. A two-dimensional fluid amplifier 
having four orthogonal control ports may be 
used in the neck of the tube to bend a fluid 
stream. The fluid stream could be made to 
impinge upon a sensitized plate. Thermo- 
chromic materials can be used as sensitizing 
agents, and temperature differences in the fluid 
can be created by means of expansion or, where 
more severe temperature cycles are necessary, by 
means of a Hilsch tube. The response time for 
a fluidic equivalent of the CRT will be slow 
compared with a regular CRT, but is certainly 
sufficient to provide displays for tracking tasks 
to be performed by man, or other similar slow- 
response systems. 

An example of the capability of moving fluid 
stream display units in which techniques simi- 
lar to the one described are used is shown in 
figure 15. These photographs show a stream- 
flow visualization technique used to investigate 
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fluidic phenomena. The stream of liquid was 
moved by applying a differential pressure across 
the two opposing control ports located perpen- 
dicular to the main-stream direction. The flow 
was made visible by using a special dye 
dissolved in water. The solution exhibits 
biref ringent properties similar to those encoun- 
tered in photoel'astic materials. Pressure gra- 
dients in the flow patterns are shown as color 
gradients when polarizing filters are used to 
change the rays emitted from a light source 
placed in the back of the transparent assembly 
(ref. 9). 

Conclusions 



Figure 15. — Birefringent patterns. 


Many functions governing aeronautics and 
astronautics in general are related to properties 
of fluids. Propulsion and aerodynamic behav- 
ior of airborne vehicles are controlled by it. 
It is obvious that working directly with these 
properties in control systems may be advanta- 
geous from the standpoints of simplification 
and reliability. Recent developments of fluidic 
flight instrumentation, such as gyros, accelerom- 
eters, angle-of-attack sensors, and onboard 
computers, made it possible to obtain low-cost 
navigational equipment. Fluidic display sys- 
tems will extend this low-cost capability to man- 
vehicle relationships in the future, not only in 
space application but also in the commercial 
and general aviation fields. 
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Introduction 

The role of a display device is to act as an 
interface between the man and the machine. In 
the following discussion the display device will 
be considered as a separate entity that must 
relate to both the needs of the man as well as the 
information processor (machine). 

In accordance with this definition, the ideal 
display device may be described as follows: 


Resolution 500 to 5000 line (or 0.25 to 25 mil- 

lion bits) . 

Contrast Constant, as in the printed page. 

Monochrome Yes. 

Color Yes. 

Memory Nonvolatile. 

Address time Less than 100 nsec (preferably 

1 to 10) per dot. 

I mage formation Less than 50 msec, 
time. 

Cost Potentially low (consumer use). 

Life Greater than 5000 hr (20 000 or 

more ideal). 

Drive Matches well with solid-state de- 

vices. (Preferably current- 
rather than voltage-sensitive. ) 

Hardcopy Upon command only. (Image is 

independent of hardcopy pro- 
duction. ) 

Size From tens of feet to tenths of 

inches per side in a flat geom- 
etry. 

Mechanical No moving parts (except when 

characteristics. making hardcopy), no vacuum, 
and fabricated of impact- and 
temperature-resistant material. 

Interface Bilateral or bidirectional (ma- 

chine-display-man or man-dis- 
play-machine). 

Power 1 to 10 W ideal, 100 W acceptable. 


A device meeting these qualifications would gen- 
erate images approaching photographic resolu- 
tion appearing as a printed page with color. 
The ramifications of hardcopy upon command, 
as well as a bilateral interface, will be left to the 
imagination of the reader. 

The closest approximation to these idealized 
characteristics is accomplished by the CRT. 
The areas in which a CRT fails to meet the 
qualifications are not within the scope of this 
paper; however, an excellent discussion of the 
topic is given in a recent publication (ref. 1). 

Magnetomechanical Displays 

•' , Many of the earliest numeric and alpha- 
numeric displays were of a magnetomechanical 
nature and to this day are popular in many ap- 
plications. Most of them are well known and 
are of interest here only as a basis of comparison 
to newer developments. 

Probably one of the oldest devices is the 
d’Arsonval moving coil galvanometer. The 
advantages of this display device include sensi- 
tivity, constant contrast, analog response, low 
cost, and easily attained accuracies in the 1- to 
10-percent region. However, in addition to 
being difficult to read more accurately than, 
say, 3 percent, its disadvantages are that it is 
both fragile and large, and has a maximum 
practical accuracy on the order of one-quarter 
percent. This type of indicator can possess 
memory, but usually does not. 

A device of both historical and contemporary 
interest is the ratcheting drum display. The 
method of operation typically involves a mag- 
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netically actuated pawl that ratchets a drum 
with printed numbers or letters. Displays of 
this nature allow geometries for in-line readout 
and were, therefore, a step forward. They can 
be linked mechanically and behave as a counter, 
or be addressed on a character-by-character 
basis for more rapid readout. ' This class of 
display will generate hardcopy (print) by ap- 
propriate modification of the drums. 

Memory, constant contrast, optimum charac- 
ter shape, and planar readout are the inherent 
advantageous characteristics of the ratcheting 
drum display. The disadvantages are mechani- 
cal wear, bulk, and a long access time, particu- 
larly if the drum contains many characters. 

These displays are found in wide and often 
very clever variations, but have in common a 
drum, tape, etc., containing printed characters 
each in a separate position that must be ad- 
dressed for display. 

In the ratcheting drum display it should also 
be noted that if the drum, etc., were to slip, or 
not properly respond to a write command, the 
viewer would have no way of knowing that a 
malfunction had occurred, unless the device has 
some kind of position feedback to the driving 
source for error check. Many of the mechani- 
cal displays have this feedback, or at least 
return to zero as a test before displaying the 
proper number. The mechanical display with 
feedback is more complicated, but with com- 
plete feedback the driving electronics now has 
a memory it can use in its logic. This is often 
an important advantage. 

Another class of electromechanical displays 
circumvents the problem of the specific address 
for each character by using bar or dot matrices. 
A sphere 1 (or bar) is permanently magnetized 
and placed in proximity to an electromagnet. 
Both sides of the sphere are colored: one side 
is colored to blend with the display panel and 
the opposite side to contrast with the panel 
(fig. 1). The attraction of the permanent 
magnet to the core of the nonenergized electro- 
magnet maintains the position of the sphere and 
gives the device memory. When the electro- 

1 A device of this class is marketed by Ferranti, Ltd., 
England. 
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Figube 1 . — Schematic cross section of an electrome- 
chanical dot matrix display. 

magnet is energized, the sphere rotates or re- 
mains in position, depending on the polarity of 
the electromagnetic field. 

The advantages of such displays are memory, 
constant contrast, increased speed (relative to 
drum displays) , and, as mentioned previously, 
simplified mechanical address. The approxi- 
mation to character shape by these matrices is 
a disadvantage, although a five-by-seven-dot 
matrix generates a reasonably readable 
character. 

In a bar or dot matrix display, the viewer 
usually knows if a malfunction has occurred 
after very few characters are displayed. 

Magneto-Optic Displays 

A unique and different method of creating a 
display utilizing the formation of “stripe” do- 
mains in thin NiFe films in conjunction with 
a Bitter solution has been reported (refs. 2 and 

3). 

Early studies of magnetic domain structure 
resulted in the development of a technique to 
render domains visible by the application of a 
colloidal suspension of ferromagnetic particles. 
When placed on a magnetic surface, the par- 
ticles in this solution will agglomerate on mag- 
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netic gradients occurring along domain bound- 
aries. The use of sufficiently small particles 
will resolve boundary separations in the sub- 
micron region, thus causing the detailed mag- 
netic state of the film to become visible. 

A characteristic of negative magnetostrictive, 
isotropic tensile stress NiFe films having a 
thickness of 10 000 to 40 000 A is the formation 
of domains of a very regular nature. These do- 
mains are long and slender with parallel edges, 
the long dimension alined with the applied field. 

Combining a film of this nature with the 
Bitter solution results in the agglomeration of 
particles along the edges of the domains in a 
regular, parallel pattern thus forming an op- 
tical diffraction grating (fig. 2). By illuminat- 
ing this grating appropriately, the zero-order 
reflection is discarded and the first-order dif- 
fraction is made visible to the viewer. 

The characteristics of the magnetic film are 
variable enough for the domain size to be con- 
trolled by film thickness, modifications of the 
plating solution, etc. Selective plating of two 
or three different strips in a repeating pattern 
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Figure 2. — Simplified schematic of magneto-optica] 
display. 


results in the formation of gratings with differ- 
ent periods thus diffracting two (or three) col- 
ors toward the viewer. Once the domains have 
formed they will remain, unless re-formed or 
moved by application of a magnetic field. This 
display, therefore, has nonvolatile memory. 

The magnetic film may be magnetized (ad- 
dressed) by any method, with sufficient field to 
modify the domains. Such methods include a 
hand-held permanent magnet (“magnetic pen- 
cil”), a recording head, or an x-y matrix im- 
parts field to the film via the coupling between 
the conductor and the film. When dc is used 
as the driving current, a field of 1.4 times that 
around each conductor is realized at the inter- 
sections. When the current in one conductor 
is reversed, the vector of the field rotates 90°, 
which causes the grating to rotate and the image 
to disappear. Although the pulsed dc technique 
will switch the film in 20 nanoseconds, sufficient 
field exists around the conductors to cause par- 
tial rotation of the domains at positions other 
than the intersection. This crosstalk problem 
reduces the quality of the display. 

A clever technique is used to avoid this prob- 
lem (fig. 3) by driving the row line (write) 
with a dc pulse and the column line with a 
slightly shorter burst of ac. The interaction of 
the two fields at the intersection of interest ap- 
parently increases the sensitivity of the film to 
the dc field allowing a reduction of this current 
(relative to dc-dc switching) and thereby re- 
duces the effect of the row line current at other 
places on the film. Apparently the column line 
ac burst also does not influence the film in other 
areas. Address time with ac-dc switching is 
200 nanoseconds, the limit of experiments per- 
formed to date. 

Although the film may be addressed rapidly, 
it takes somewhat longer for the Bitter particles 
to redistribute themselves on the displaced do- 
main boundaries. The time for this to occur is 
considerably longer than the switching time, 
because the particles move by Brownian motion. 
Although this display time is unknown, it is cer- 
tainly less than 1 second and very possibly in 
the 100-millisecond region. 

Resolution of this system has been demon- 
strated at 100 lines per inch (single color) with 
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WRITE ERASE 

Figure 3. — Write and erase drive current for magneto- 
optical display. 

contrasts varying from 5 to 50 : 1, brightness of 
10 000 ft-L with tungsten illumination, and 
write currents of about 5 amperes. Two-color 
displays have also been constructed with 100- 
horizontal and 50-v e r t i c a 1-line-per-inch 
resolution. 

The problem of color change as the relative 
position of the observer and display surface 
changes will probably be solved by some opti- 
cal techniques for color displays. A mono- 
chrome display is formed if a lens and diffuse, 
rear-viewing screen is placed between the ob- 
server and the device (also solves the position 
problem). 

The ability of the observer to alter the mag- 
netic state of an element (or elements) via a 
magnetic probe, and the present capability of 
the device to read its state optically, indicates 
some very exciting possibilities in man-machine 
and machine-man communications. Use of the 
inherent magnetic memory characteristics to 
give electronic readout of the state of any ele- 
ment would be a very worthwhile refinement. 


Although this device is in an early stage of 
development, a potential ability to fulfill an 
astonishing number of the idealized objectives 
stated earlier has been demonstrated. 

Another recent development in the field of 
magnetic displays is the SIMAD principle (ref. 
4) . This method utilizes small magnetic parti- 
cles as a display medium by propelling them 
from a chamber below the display surface. 
Magnets (dc) of appropriate design behind this 
surface are energized and attract some of the 
display particles from the “cloud” formed by 
the particle gun, onto the display surface, thus 
forming a planar, constant, high-contrast dis- 
play (fig. 4). 

The display particles, in the version described 
here, are permanently magnetized ferrites be- 
tween one and two one-thousandths of an inch in 
diameter. The display surface is thin enough 
that the attraction between these particles and 
a nonenergized display magnet is sufficient to 
keep them in position, giving the device non- 
volatile memory. 

Erasure of an image is accomplished by an 
alternating magnetic field roughly perpendicu- 
lar to the display surface and generated by the 
erase coil. This field is of a magnitude great 
enough to overcome the attraction between the 
display particles and a deenergized display 
magnet, but not an energized one (fig. 5). 



Figure 4. — Magnetic display unit employing SIMAD 
principle. 
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Figure 5. — Image erasure. 


The particle gun is a transducer that imparts 
the energy in a magnetic field into kinetic en- 
ergy of the display particles. This is accom- 
plished by utilizing the interaction between a 
permanent magnet and a high gradient alter- 
nating field. Disposed in the particle-gun 
chamber are several cubical permanent magnets 
magnetized as bar magnets. When the particle- 
gun coil is energized with alternating current, 
the field generated penetrates the particle-gun 
chamber, interacting with The cubes or propel- 
lent particles, causing them to agitate violently. 
The screen separating the particle-gun cham- 
ber from the display area prevents the 
propellent particles from entering, but allows 
passage of the display particles. While in the 
particle-gun chamber the display particles are 
attached to the propellent particles and thus 
gain considerable kinetic energy. When the 
propellent particles strike the screen and rapid- 
ly decelerate, the display particles dislodge 
themselves and “fly” into the display chamber 
with high velocity. 

The particle-gun structure can be extended 
horizontally with ease, and it appears feasible to 
construct guns capable of propelling particles 
12 to 15 inches vertically. If the device is used 
to display characters, one particle gun can be 


used with many matrices, or each character may 
have its own gun. 

The interaction of the particles, display sur- 
face, and erase field in the present device indi- 
cates line resolution is limited only by the dis- 
play magnet geometry. Future development of 
the magnet designs utilizing “bulk” manufac- 
turing techniques will hopefully yield 30 to 100 
lines per inch. 

The display logic may be reversed by masking 
the display surface with a material of the same 
color and texture as the display particles in a 
dot or b&r matrix format. This mask would 
be alined over the display magnets so that when 
all the particles are removed from the display 
surface, a series of white dots (or bars) would 
be visible against a black background. When 
the display magnets are energized and the par- 
ticle gun is activated, the particles would fill 
areas where the information was not wanted, 
thus creating a white image on a black back- 
ground. 

Image formation time with the present device 
is 100 milliseconds, and the display magnets re- 
quire 35 milliamperes at 4 volts dc. The erase 
coil and particle gun operate at 60 cycles, 12 
volts and 24 volts, respectively. The display is 
planar, has nonvolatile memory, and is of con- 
stant contrast. The basic nature of the device 
should allow designs that would survive in en- 
vironments where shock, vibration, and temper- 
ature are severe; and since the structure can be 
completely encapsulated (with the exception of 
the display and particle-gun chambers), no 
vacuums are required, and the particles already 
use vibratory motion to operate the display. 

A Combination of Magnetic and 
Electrostatic Techniques 

The display particles used in the SIMAD de- 
vice are insulators and, as such, may be charged 
triboelectrically. When so charged they behave 
in much the same manner as toners, which are 
used in electrostatic devices. The magnetic 
characteristics of the particle remain un- 
changed and thus allow the particles to interact 
with both electric and magnetic fields. 
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A CRT has been developed (ref. 5) that 
writes a negative charge on a thin dielectric 
membrane. After charging, a toner is applied 
to the opposite side of the film, thus forming a 
high-resolution, high-contrast display with 
memory. With an appropriate lens system, 
such a display may also bo projected. 

In the embodiment of the tube mentioned 
above (ref. 5), the toner is applied by slow, 
cumbersome mechanical means. By adding a 
SIMAD particle gun (fig. 6) and an “erase” 
coil, an interesting combination of electrostatic 
and magnetic devices results. 

The display particles will be triboelectrically 
charged positive if all the elements of the 
particle-gun chambers are of a lower dielectric 
constant. The vibratory nature of the particle - 
gun will insure complete Charging of the 
particles, causing them to adhere to the charged 
areas of the display membrane. 

The alternating magnetic field generated by 
the erase coil is adjusted to a level where it will 
remove particles adhering to the display mem- 
brane in areas where stray charge has accumu- 
lated, but will not remove particles attracted by 
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Figube 6. — Electrostatic image storage device com- 
bined with the SIMAD particle gun. 


the written charge. The slight vibratory mo- 
tion imparted to the display particles by the 
erase magnetic field tends to sharpen the dis- 
played image. 

The marriage of the two techniques has not 
been tested in the embodiment shown in figure 
6, but tests have been conducted with the display 
illustrated in figure 4 by applying charge to 
the Lucite viewing window. The particles re- 
mained in the same position for 10 hours after 
application by the particle gun. 

The availability of a microscopic (or macro- 
scopic) particle with capabilities of interacting 
with both electric and magnetic fields adds an- 
other dimension to display device technology, 
and hopefully will suggest many applications to 
the reader. 


F ERROM AGNETOGR APH Y 

It is possible to imprint magnetic fields on a 
magnetic medium at high speed and high reso- 
lution. With the application of an appropriate 
toner, a visible image is produced that can be 
transferred to paper, or other suitable media, 
by pressure, heat, etc. 

It is within the state of the art in the tape- 
recording industry to record wavelengths of 50 
to 100 microinches at tape-head velocities of 
1500 inches per second. Bit densities between 
1000 and 2000 per inch are accomplished every 
day with noncontact techniques in computer 
disk and drum memories. 

Work reported 15 years ago (refs. 6 and 7) 
more than proved the feasibility of the method 
for character and facsimile copy generation. 
Work described in a later report (ref. 8) demon- 
strated more sophisticated techniques, utilizing 
higher resolution magnetic heads in facsimile 
recording and bar matrix recording directly on 
a magnetic medium (fig. 7) . 

Recording of characters with a wire-bar 
matrix is accomplished by pulsing a 3-mil- 
diameter wire to a peak current of 25 amperes 
with a very short pulse. The field around the 
wire (700 oersteds peak) is sufficient to mag- 
netize the medium. Subsequent application of 
magnetic toner developed the latent image. 
















87 


"magnetic display devices 




NARR0W(.005^) MAG- 
NETIC RECORDING 
HEAD 

LATENT IMAGES 


DRUM MOTION 


-MAGNETIC DRUM 


Figure 7. — Character and facsimile copy generation 
on magnetic medium. Top: Character writing; bot- 
tom : facsimile writing. 


The same basic technique is used in the fac- 
simile recording method ( fig. 8 ) . The magnetic 
head is placed in contact with a drum coated 
with suitable magnetic material (Ni-Co in this 
case) and the drum and material to be re- 
produced are rotated in synchronism. The 
head scans the surface of the drum appropri- 
ately magnetizing it. In the system described, 
the head width is 0.005 inch, and the shortest 
wavelength printed was 0.005 inch, or 40 000 
elements per square inch. Present technology 
would easily allow packing densities of 1 million 
elements per square inch. 

Magnetographic and electrostatic printing 
techniques are comparable in speed, resolution, 
etc. The magnetic technique is superior from 
the standpoint of memory ; once a drum is mag- 
netized, toner may be applied many times with- 
out degradation in resolution, making large- 
scale multiple copying practical. Electrostatic 
printing has dominated, however, because the 
writing elements can be addressed with a CRT 
and consist of a simple wire rather than a more 
complicated magnetic structure. 

291-351 0—68 7 


Conclusions 

One of the oldest practical forms of electrical 
readout is a magnetic device — the galvanometer. 
The magnetically actuated drum display, capa- 
ble not only of readout but hardcopy produc- 
tion, was next developed. Progress of mag- 
netic display devices after this period has 
trailed far behind other technologies in the 
field. 

In terms of a fit with the so-called idealized 
display, not one comes close. However, many 
of the necessary elements are present — constant 
contrast, rapid switching, hardcopy capability, 
high resolution, color capability, bilateral inter- 
face, and memory. 

The advent of solid-state devices, bulk proc- 
essing techniques, and the stringent demands of 
computer displays may well cause a resurgence 
of interest in the field. Magnetic devices are 
compatible with the solid-state devices (current 
sensitive) ; are fabricated of materials well 
suited to mass-production methods of printed 
circuitry, chemical milling etc. ; and they have 
memory. 



Figure 8. — Hardcopy printer utilizing magnetic 

techniques. 
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Electrostatic forces can be used in at least 
three ways to generate a volatile display. The 
| feasibility of all three methods has been estab- 
lished, but displays based on these electrostatic 
effects are not yet in widespread use. 

The first, and perhaps simplest, effect that 
has implications in the display field is the tend- 
ency for fine particles to collect in areas of high 
static-charge concentration. This effect is the 
basic principle underlying the field of electro- 
static printing. 

A pattern of charges can be established on a 
surface in several ways, among them direct 
charge deposition from an array of electrodes 
and selective discharging of a photoconductive 
surface by light images. Once the pattern has 
been established, pigmented particles, either 
dry or suspended in a liquid, are brought in con- 
tact with the charge pattern. They will be at- 
tracted to those areas having a high concentra- 
tion of surface charge of the proper polarity 
and will cling tenaciously to the surface. In 
the normal printing application, the particles 
are fixed permanently to the surface, usually by 
a drying or heating sequence. 

Electrostatic printing is in widespread use 
today mainly for document reproduction and 
for printing address labels for magazines. The 
familiar office copier makes use of the light- 
addressed photoconductive surface mentioned 
previously. An image of the original docu- 
ment is projected onto a precharged selenium 
drum, draining charge away in the illuminated 
areas. A mixture of pigmented fine particles 
and coarse plastic beads is cascaded over the 
drum. The particles cling to the drum in re- 


gions of high field gradient. As a final step, the 
particles are transferred to a sheet of paper by 
contact (aided by an electric field). 

The label printer relies on direct charge 
deposition from the ends of fine wires onto a di- 
electric surface. A special CRT performs the 
function of a rapid switch that permits selection 
of the desired wires from among a large array. 

The faceplate of the tube consists of a close- 
packed mass of very fine wires running through 
the faceplate parallel to the electron beam (fig. 
1). As the beam is scanned across the inside 
ends of these wires, they charge rapidly toward 
the potential of the cathode of the tube. The 
outside ends of the wires contact the dielectric 
surface, which is usually a coated paper. 
Charge is transferred to the paper, and the pat- 
tern is made visible in a later step by the appli- 
cation of the pigmented particles. Unlike the 
case of the office copier, the pattern to be printed 



Figure 1. — Cathode-ray tube electrostatic display. 
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need never exist in hardcopy form. For the 
label-printing application, appropriate beam de- 
flection signals are produced by a separate char- 
acter generator under the direction of a central 
computer. 

The techniques described above produce hard- 
copy, which is a form of display, although a 
rather specialized one. The fact that the hard- 
copy can be generated at a very rapid rate sug- 
gests that this form of “printing” could 'have 
application in the display field. The CRT used 
in the label printer is capable of recording stand- 
ard television pictures, frame by frame, in real 
time. 

The recorded information can be displayed by 
any standard projector if the printing is done on 
a transparent tape rather than on paper. Be- 
cause the particles are readily removed before 
the fixing operation, it is possible to design an 
endless belt recorder-projector. 

There are a number of other ways of record- 
ing and displaying information by using various 
combinations of charge deposition techniques 
and “inking” or “toning” steps. Some of these 
techniques allow the reproduction of color 
images (refs. 1, 2, and 3). An important fea- 
ture of these systems is their very high sensitiv- 
ity ; only a minute amount of charge (about 10 -9 
C/cm 2 ) is needed to make a visible mark and, 
in this respect, these systems rival photography. 
Also, under proper conditions, the visible mark 
can be made in about 20 nanoseconds. 

Another application of electrostatic effects to 
the display field is the use of static forces to de- 
form the surface of a transparent film. One of 
the first uses of this principle was in a projection 
television system. The system used a special 
CRT containing an electron gun directed ait a 
conducting faceplate that was covered with a 
thin film of oil. The tube was constructed so 
that a beam of light could be projected through 
the faceplate onto a screen. A schlieren mask 
and a projection lens were placed between the 
faceplate and the screen. The beam was 
scanned across the faceplate in a normal TV 
raster, using video signals to intensity -modtdate 
the beam . In those areas where electrons struck 
the oil film, the electrostatic forces across the oil 
film caused the film thickness to decrease. As 


the beam scanned, the video information ap- 
peared as variations in thickness of the film. 
Because the film acts as a phase grating, the rip- 
ples thus produced cause the light passing 
through the film to be diffracted. The schlieren 
mask blocks all but diffracted light. Smooth 
areas on the oil film appear black on the screen, 
and the amount of light corresponding to the 
rippled areas of the film is a function of the 
depth of the ripples. As the charge leaks off 
the film, surface tension restores its original 
smooth surface. 

This process was used extensively for theater 
television projection. One major problem has 
been contamination of the cathode of the elec- 
tron gun by vapors produced by bombardment 
of the film. 

A number of variations on this same order 
have been developed in recent years. Thermo- 
plastic recording (ref. 4) allows permanent re- 
cordings to be made by “freezing” the surface 
deformations in a thermoplastic film. Charge 
is deposited by a beam on the surface of a plastic 
film while the surface is cold. It is then heated, 
allowing the electrostatic forces to deform the 
film. When cooled, the ripples are fixed on the 
surface, and the image can then be projected in 
the same manner as in the oil-film tube (fig. 2). 
The film can be reheated, allowing the surface 
tension to smooth the surface again. Very high 
resolution can be obtained with this system per- 
mitting frequencies in the range of 100 MHz to 
be recorded. Because the film is exposed in the 
vacuum chamber containing the electron gun, 
some of the same cathode poisoning problems 
mentioned previously are present, 

A CRT with a wire-embedded faceplate, of 

THERMOPLASTIC 



Figure 2. — Schlieren optical system for thermoplastic 
film. 
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the kind described earlier, can serve as a source 
of electrons for thermoplastic recording (ref. 
5). The recording medium is no longer re- 
quired to be contained in the vacuum chamber 
with the electron gun. Another “in air” ther- 
moplastic recording system consists of an xy 
array of grids producing a discharge at the in- 
tersection of selected wires (ref. 6). In this 
system, unlike the others described, the schlieren 
optical method is not used. The thickness vari- 
ations are made visible by making the deform- 
able medium serve as one face of a prism (fig. 3) . 
Light is incident on that face at such an angle as 
to suffer total internal reflection. The reflected 
light is then projected onto a screen. In the ab- 
sence of any' surface deformation, the screen is 
uniformly illuminated. Voltage is applied to 
selected x and y wires causing a discharge to 
take place that deposits charge in the area of 
the intersections. When heated, the film con- 
tracts at those points. In contracting, the film 
distorts the prism surface so that the conditions 
for total internal reflection are no longer satis- 
fied at those points. The corresponding areas 
on the screen go dark. Grids with spatial fre- 
quencies as high as 500 per inch have been made 
and tested. 

Another electrostatic-thermoplastic process 
has been developed that permits the charge pat- 
tern to be controlled by light (ref. 7). A trans- 
parent photoconductor and a thermoplastic film 
are used in combination with a transparent con- 
ducting layer. The photoconductor receives a 
uniform charge while in the dark. When the 
photoconductor is illuminated, a charge pattern 



Figure 3. — Total internal reflection system for thermo- 
plastic film. 


corresponding to the optical image is established 
producing stress across the thermoplastic layer. 
Heating develops the thickness variations in the 
thermoplastic film as before. 

All the foregoing electrostatic display tech- 
niques produce images that are best viewed by 
projection — either conventional or schlieren. 
One electrostatic display should be mentioned in 
which the images can be seen by direct viewing 
under ambient light. An xy array of light- 
weight plates hinged about their horizontal axes 
in such a way as to present either a black or 
white appearance, depending on their state (fig. 
4). For example, the plates may be painted 
black on the side facing the observer and, when 
open, reveal a white background, or the opposite 
condition may be desired. In conjunction with 
the xy array of plates, there is a corresponding 
xy array of address wires. The system is de- 
signed so that when voltage is applied to a 
selected pair of x and y wires, the plate at the 
intersection swings upward, reversing the ap- 
pearance of that cell from black to white, or vice 
versa. The plate remains in this condition un- 
til voltage is applied again, causing the cell to 
return to its original appearance. Thus, the 
cells have memory and remain in one state until 
directed to return to the other state. The forces 
responsible for the movement of the plates are 
the same as those that cause the plates of the 
familiar goldleaf electroscope to diverge. 

Writing time per element varies from milli- 
seconds, for plates one-sixteenth inch on a side, 
to tenths of seconds for 5-inch-square elements. 
The entire array is enclosed in a weatherproof 
box. Prototype displays have been in opera- 
tion for some time in exposed locations. 



Figure 4 .—my array of lightweight plates for a direct 
viewing display. 
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Figure 5. — Energized electrostatic display (oriented 
particle state). 


A variation of the reflective display described 
uses the hinged plates as mechanical light 
valves. In this mode of operation, the display 
is lighted from the rear by a uniform, distrib- 
uted light source. A given cell will either pass 
light or not, depending on its state. 

The final example of electrostatic display 
makes use of the fact that elongated particles 
colloidally suspended in a nonconducting fluid 
will tend to aline their long axis parallel to the 
direction of an applied electric field (fig. 5). 
In the absence of the field (fig. 6), Brownian 
motion causes them to assume a random orienta- 
tion (ref. 8) . Because the particles are opaque, 
the amount of light transmitted through the cell 
will he greater in the oriented state than in the 
random state. For particles with a side-to-end 
area ratio of 5 to 1, transmission varies by a 
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Figure 6. — Deenergized electrostatic display (random 
particle state). 

factor of 3. The particles can be oriented from 
the random state in about 100 microseconds. 

The display can be operated either to control 
the amount of light passing through to the ob- 
server (transmission mode) or as a reflective 
display using only ambient light. 

Phenomena that tend to disrupt the opera- 
tion of the display are electrophoretic deposi- 
tion of the particles on the conducting elec- 
trodes forming the walls of the cell, coagulation 
due to the loss of the dispersive forces between 
particles that are present in a normal colloidal 
suspension, and particle settling caused by 
gravity. Electrophoretic deposition is mini- 
mized by using ac rather than dc fields to orient 
the particles. Coagulation is prevented by re- 
stricting the magnitude of the applied field. 
The terminal settling velocity of a sphere in a 
fluid is proportional to the square of the radius 
of the sphere. The settling time of the parti- 
cles in the display can be made to last many 
days if the particle size is limited to the micron 
range. 
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Introduction 

Present laser display systems may be classi- 
fied into one of two distinct categories: those 
systems based on moving (scanned) laser beams, 
and those systems utilizing the concepts of 
holography. Of these two classes of laser dis- 
play, those devices of the former category re- 
flect the more advanced state of development. 
At this time, there are at least three complete 
display systems utilizing a scanned laser beam. 
This advanced state of development is due, in 
part, to the fact that flying spot display tech- 
niques are well known from industrial GET 
experience. 

The field of holography, on the other hand, is 
relatively new and not as well developed. 
Holographic displays offer more potential for 
realistic three-dimensional imaging than any 
other display technique developed to date. In 
addition to display applications, holography is 
being found to have uses in many other fields 
including pattern recognition, data processing, 
and stress analysis. 

Scanning Laser Displays 

Existing scanning laser displays use basic 
techniques from the CET field, but a laser beam 
and appropriate scanning devices are substi- 
tuted for the CET and its deflection apparatus. 
The major problems in development are in re- 
fining techniques to manipulate the laser beam 
and to modulate its intensity. 


Deflection Techniques 

There are presently three basic methods of 
deflecting a laser beam : 

(1) Mechanically, by deflecting a mirror 
with a motor or piezoelectric crystal 

(2) Kefractively, by changing the index of 
refraction of a transmitting fluid or crystal 
through an electro-optic effect 

(3) Diffractively, by rapidly altering the dis- 
tance between grating lines, usually by means of 
ultrasonic vibrations in a medium. 

The most obvious form of mechanical beam 
deflector is a motor-driven rotating mirror. A 
system in which mirrors are attached to the 
faces of a polygon-shaped mount, which is ro- 
tated about its center by a motor, is easily capa- 
ble of producing scan rates sufficient for high- 
resolution television horizontal scanning. For 
a 1000-line raster, scanned 30 times per second, 
a horizontal scan rate of 30 000 scans per second 
is required; however, a serious problem arises 
with the stability of such a system. Even when 
precise synchronous motors are used to drive a 
rotating mirror, slight speed variations make 
synchronism with autonomous signals very dif- 
ficult (ref. 1). 

A rotating-mirror deflector has been used suc- 
cessfully as a horizontal scanner for a laser digi- 
tal display system (ref. 2) by synchronizing the 
signal flow with the rotating mirror, rather than 
the reverse. This system uses 32 mirrors ar- 
ranged around the edges of a 32- faced polygonal 
prism, with each face tilted at a slight angle 
with respect to its neighbors. Each mirror pro- 
duces a horizontal scan as the angle between the 
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mirror and beam is changed by rotation. The 
slight tilt from mirror to mirror produces the 
vertical scan. The mirror and information 
storage device are driven by the same motor and 
are rigidly coupled. 

A galvanometer and mirror system has been 
designed to produce a relatively low-frequency 
sawtooth scan (ref. 3). This device produces 
a reasonably faithful sawtooth scan at 60 Hz 
with a low dc voltage level for the scan, fol- 
lowed by a large restoring voltage, and then a 
large, but opposite, polarity stopping pulse. 

An interesting method for scanning a beam 
at high frequency utilizes torsionally resonant 
crystalline fibers (ref. 4). This system uses a 
large-diameter single crystal that tapers gradu- 
ally to a small fiber. The shape of the fiber is 
designed to match Fourier transform predic- 
tions for load, stress, and taper angle so that 
a slight vibration of the large base produces 
large vibration of the tip. The base is excited 
by coils through the magnetostrictive effect 
(figs. 1 and 2). Two of these fibers (each 
bearing a small mirror) set at right angles to 
one another and excited to vibrate in a sinusoi- 
dal manner, but 90° out of phase, will produce 
a perfect circular scan. This circular scan can 
be converted to a horizontal sawtooth scan by 
appropriate fiber optics. This method of scan- 
ning produces clean waveforms up to several 
tens of kHz. A single crystal of this type can 
also be stimulated to produce a circular scan if 
the proper field is applied at its base (fig. 3). 
This device is called a “nutating mirror,” and is 
effective to about 23 kHz, after which low- 



Figuke 1. — Torsional scanner construction. 



frequency harmonics disrupt the scan (ref. 3). 
Both these systems use the natural resonance of 
a fiber to achieve a stable scan at the desired 
frequency. 

Substantial work has been done with another 
interesting type of mirror deflection device. 


MIRROR 



Figube 3. — Nutating mirror, horizontal scanning 
device. 
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Figure 4. — Multiple-mirror deflector using shear-mode 
transducers. 


This device (ref. 5) consists of a train of many 
mirrors, each attached to a piezoelectric crystal 
(fig. 4). Each mirror produces a small angu- 
lar deflection of the beam when its crystal is 
distorted by an electric field. The proper input 
to the crystals produces a net deflection of the 
laser beam at the output of the device. 

Using index-of-refraction principles, a digi- 
tal deflection device has been developed. This 
device consists of electro-optic crystals to rotate 
the polarization vector and biref ringent crystals 
to discriminate the direction of polarization 
(ref. 6). Each pair of crystals — a polarizer 
crystal and a birefringent crystal — can channel 
the transmitted light to one of two positions, 
as shown in figure 5. By cascading n such 
crystal pairs so that the output of one pair 
serves as the input to the next pair, a total of 
2" discrete output beam positions may be gen- 
erated. The scheme described is conceptually 
one dimensional ; however, the extension to two- 



B I REFR I NGENT CRYSTALS 

Figure 5. — Digital lateral displacement deflector. 



Figure 6. — Cascading of crystals in electro-optic beam 
deflector. 


dimensional deflection is obvious. The X- and 
Y-axis deflectors could be arranged alternately 
or in cascade. 

Another type of index-of-refraction deflector 
(ref. 7) is a series of alternately opposing prisms 
(fig. 6). An electric field is applied to alter 
the index of refraction of each prism and, thus, 
to deflect the transmitted beam. An index- 
matching fluid surrounds the prisms to reduce 
light loss from surface reflections. The device 
can produce a maximum net angular deflection 
of about 5°. This type of deflector generally 

dreds of kHz — but overall transmissivity tends 
to be poor because of contact with many sur- 
faces. Deflection angles are a function of wave- 
length and, thus, problems arise with nonmono- 
chromatic light. 

The third type of deflector uses an ultrasonic 
source to set up acoustic waves inside a crystal 
(ref. 8). Because this wave alters the index 
of refraction of the crystal from the node to the 




Figure 7. — Phase diffraction grating based on index-of- 
refraction pattern caused by audio or ultrasonic 
formation of standing waves within the light trans- 
mitting medium. 
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Figure 8. — CRT-stimulated modal operation wide-tube 
laser, producing lateral deflection in * and y direc- 
tions. 


antinode, the crystal becomes a phase-diffrac- 
tion grating. The beam is split into three parts : 
two first-order images and one zero-order image 
(fig. 7 ) . The two first-order beams are deflected 
at some angle to the original beam and, as the 
ultrasonic source alters the wavelength of the 
standing (or traveling) wave, the spacing of 
the grating is altered. This change causes the 
beam to be deflected at a different angle (ref. 9) . 

This method of deflection is impractical be- 
cause serious problems due to transients arise 
in changing from one wavelength to another 
inside the crystal and, at best, only one-third 
of the light entering the crystal is transmitted 
after deflection. As a result, its use as a deflec- 
tion method has been generally limited. 

Another interesting laser scanning device em- 
ploys an electron beam and a laser (ref. 10). 
The laser is pumped to lasing power but is 
prevented from lasing by polarization spoiling 
within the laser cavity. (See fig. 8.) A Brew- 
ster’s angle window is built into one end of the 
plasma tube and has the property of transmit- 
ting 100 percent of the light polarized in the 
plane of incidence (vertically in the figure) 
and only about 85 percent of light polarized 
perpendicular to that plane. The remainder 
of the light is reflected from the window sur- 
face. Thus, very efficient light transmission is 
achieved for light of the proper (vertical) 
polarization, while some reflection losses occur 
otherwise. A vertical polarizer and a bire- 
fringent polarization rotator are included in the 
laser cavity to produce further polarization 
selectivity and about 10° of polarization rota- 
tion, respectively. Light is then reflected from 
a mirror at the end of the cavity and, again, 


passes through the polarization rotator where 
it is rotated another 10° and then passes on 
through the vertical polarizer. Enough light 
loss takes place at the vertical polarizer, where 
the polarization mismatch is now about 20°, to 
inhibit lasing. 

If a negative charge is deposited on the mirror 
surface by the electron beam, the polarization 
is rotated in the opposite direction and the 
cavity gain becomes sufficient to support lasing 
action. Because the laser resonator is built 
with parallel mirrors, lasing will occur within 
a small area opposite the charged portion of 
the mirror. As the electron beam is scanned, 
lasing will occur along a corresponding axis. 
The plasma tube has a large cross-sectional area 
to accommodate the range of lasing axes. 

In this system, the output of the laser is con- 
trolled by deflecting an electron beam in a 
conventional manner, which has the advantage 
of easily controlled, high-intensity output. The 
scan thus produced can be expanded and pro- 
jected by appropriate optics. At present, the 
spot size is about 30 /a in diameter. Some diffi- 
culty has been encountered in modulating the 
beam, because a residual charge tends to remain 
on the mirror after the electron beam has swept 
by. 

Of the systems mentioned, the mechanical 
ones lose less light and seem to be the most 
efficient low-frequency deflectors. Although 
index-of-refraction devices have very good re- 
sponse time, their poor transmittance makes 
them impractical for many applications (refs. 
11 and 12). 

Modulators 

Scanning laser display systems employ, al- 
most universally, a type of electro-optic polar- 
ization device to modulate the intensity of the 
light beam (refs. 7 and 13). Commonly known 
as the “Pockels cell,” a potassium dihydrogen 
phosphate (KDP) crystal is equipped with 
electrodes for applying an electric field, as 
shown in figure 9. The field changes the index 
of refraction of the crystal to light polarized in 
one direction normal to the propagation direc- 
tion of the light. In this way, the polarization 
of light passing through the crystal can be 
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Figure 9. — Electro-optic light modulator design. 


altered and, by means of an output polarizer, 
the change in polarization of the light can be 
converted to a change of intensity. The band- 
width of these intensity modulators extends 
well beyond typical video frequencies and, in 
some cases, to microwave frequencies. 

Two crystals are used in series to cancel out 
temperature effects that would cause a birefrin- 
gent delay in just one crystal (fig. 10). It 
should be noted that the axes of the crystals are 
oriented orthogonally so that the birefringent 
effect of one crystal cancels that of the other 
(ref. 2). 

A piezoelectric modulator has been developed 
that employs the principles of interferometry 
( ref. 14) . The device splits an input beam into 
two parts, each of which is reflected from a high- 
quality mirror driven by a piezoelectric crystal. 
The two reflected beams are then recombined to 
form a modulated output beam (fig. 11). 

The two control mirrors are mounted to piezo- 
electric crystals so that they can be driven in 
the direction normal to their plane. This move- 
ment allows the path length of the two light 
beams to be changed by as much as one-quarter 
of a wavelength. When the two beams are re- 
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Figure 10. — Compenimted-birefringence electro-optic 
modulator. 


combined, they may have a phase difference of 
up to 180°. Intensity changes resulting from 
this phase modulation and interferometric re- 
combination range from full off to full on. 

Because each mirror needs to move only one- 
eighth of a wavelength, less than 100 volts is 
required to drive the modulator. The fre- 
quency response of the modulator is quite flat 
to about 2 MHz; however, more precise meth- 
ods of construction are expected to extend the 
response of the system to about 5 MHz. 

Lasers 

There are many types of lasers available 
today, and the choice of a laser for a display 
system requires some consideration. Of the 
three basic categories of lasers — crystal, gas ion, 
and solid state — gas ion lasers are very attrac- 
tive for display applications because they are 
capable of producing continuous emission. 



Typically, gas ion lasers produce compara- 
tively low power output. The most common 
gas ion laser, which uses a helium-neon gas mix- 
ture, seems inherently limited to less than 1 
watt of light output power. Other types of gas 
ion lasers, such as argon ion and krypton ion 
lasers, are capable of higher power output, but 
are only about one-hundredth of 1 percent effi- 
cient in electrical to optical power conversion. 

One watt of optical power, which is on the 
high end for He-Ne lasers and easily attainable 
with the other gas ion lasers, is sufficient to build 
a moderate-size laser display. An argon laser, 
having primary output in the blue and green 
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Figure 12. — Chromatieity diagram. 


wavelengths, can illuminate a 1-meter-square 
screen to produce a brightness of about 30 ft-L. 

Red, green, and blue beams are necessary to 
produce a color display. Because He-lSTe and 
argon lasers are readily available today, most 
experimental systems derive a red beam from 
the He-Ne laser and the green and blue portions 
of the beam from the argon ion laser (fig. 12). 
This gives primary colors at 6328 A, 5145 A, 
and 4880 A, respectively (ref. 2). Although 
rich in reds and greens, this combination cuts 
off many of the deep blues. 

Both krypton and xenon lasers (ref. 2) have 
been operated successfully, and each produces a 
red, green, and blue component. The krypton 
laser produces red and green fairly close to the 
red and green components of the He-Ne- argon 
system (5208 A, 6471 A), but its blue (4762 A) 
is also fairly long in wavelength, and the deeper 
blues would not be included in the combination. 
The xenon laser provides a good red and green 
(6271 A and 5419 A, respectively) and also a 
blue (4603 A) for the best combination of the 
three, but this laser has had less developmental 
work of all the lasers mentioned and is, there- 
fore, not likely to be available for some time. 


Frequency Modulation 

An interesting effect in a lithium niobate 
crystal has been observed (refs. 15 and 16). 
Temperature variation in the crystal causes it 
to fluoresce at different wavelengths when ex- 
cited by the green light from an argon laser. 
Although this fluorescence is noncoherent, it 
does produce output power about 50 percent of 
that of the input beam. A suitable cavity will 
allow this output to lase (ref. 17), but the 
power of the coherent output beam is only 
about one-tenth of 1 percent of that of the in- 
put laser beam. 

This development suggests a possible means 
of frequency modulating a laser beam. How- 
ever, the difficulty of modulating at high rates 
by temperature change and the power loss in- 
volved may prove to be insurmountably awk- 
ward for a video system. 

Complete Scanning Laser Display Systems 

The devices that are necessary to build a scan- 
ning laser display are as follows : 

(1) Beam deflectors and modulators to ma- 
nipulate the beam 

(2) Electronics to drive the deflectors and 
modulators 

(3) Laser (s) of sufficient power output 

As previously mentioned, components of suffi- 
cient quality with which to construct a laser 
display exist today, and further research is 
likely to produce even better components for 
the future. 

At this time there are at least three com- 
plete scanning laser display systems in a devel- 
opmental stage, and at least one is very close to 
being a marketable system. For purposes of 
this report, the three systems to be discussed are 
designated display 1, display 2, and display 3. 

Display 1 

Display 1 (refs. 18 and 19) is a large-screen 
color television (fig. 13). The system produces 
a standard 525-line television raster, utilizes 
conventional driving electronics from a com- 
mercial color television receiver, and can dis- 
play commercial broadcast television. 
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Figure 13. — Display 1 — laser color television. 


The system uses an argon laser for green and 
blue wavelengths, and a He-Ne laser for red. 
The green and blue components of the argon 
laser are separated by a prism, and the three 
beams from the two lasers are intensity modu- 
lated individually. The modulated beams are 
then combined in a prism and become a prop- 
erly coordinated color beam. 

The four standard television signals (red, 
green, blue, and luminescence) are derived in a 
matrixing amplifier to form three signals for 
the red, green, and blue modulators of the dis- 
play system. These three video signals are then 
amplified and applied to the modulators (ref. 
19). 

The horizontal scanner is a single quartz crys- 
tal that tapers from a large cylindrical base to 
a fine fiber. The fiber is driven in a circular 
manner by applying torsional stress. The sys- 
tem is resonant at 15 734 Hz and is, therefore, a 
tuned oscillator. It is driven by coils that are 
situated at 90° to one another around the cylin- 
drical base of the crystal. These coils drive the 
scanner at its resonant frequency, and the sys- 
tem is synchronized by pulses amplified and ex- 
tracted from the video signal. This deflector is 
described in more detail in the section titled 
“Deflection Techniques.” 

The circular scan is converted to a horizontal 
sawtooth scan by a fiber optic bundle, which 
accepts the circular scan on its circular face and 
transmits light down the fibers to its horizontal 
tail (fig. 14). 

The vertical scanner is a d’Arsonval type of 
galvanometer. It deflects a 0.8- by 1.5-inch 
mirror, which is large enough to ensure that the 
entire horizontal scan is transmitted. 



Figure 14. — Fiber optics scan converter. 


The system is completely compatible with 
the National Television System Committee 
(NTSC) color system. It has a 4.5-MHz 
bandwidth, and the display has a contrast 
ratio of 100 to 1. The display output has 
a scan angle of about 7°, and it can be 
projected from between 5 and 30 feet. Sweep 
linearity is 2.5 percent, and intensity is 
accurate to 10 percent. The lasers were oper- 
ated to produce 100 milliwatts of red, 130 milli- 
watts of blue, and 23 milliwatts of green light, 
for a total flux of 44 lumens. 

The fiber optic element presents the greatest 
difficulty, because even though transmission is 
very high — on the order of 90 percent — flaws in 
the bundle produce vertical lines in the picture. 
The system as a whole will transmit not less 
than 35 percent of the light entering the modu- 
lator. The modulator itself transmits only 
about 50 percent of the incident light. Work 
is continuing to perfect the horizontal scanner 
and to increase the transmission and overall 
brightness of the system. 

Display 2 

Display 2 (ref. 2) is a seven-color, digital data 
display system. It is a developmental model 
for a much more complicated display system. 
The ultimate objective is to produce a 1024- by 
1024-element display which will illuminate a 
50- ft 2 screen at a brightness of 50 ft-L. 

The present system uses a 5-ft 2 screen and 
produces a display with 512 by 512 resolution 
elements. It operates with a brightness of about 
10 ft-L. The system produces seven colors : red, 
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green, blue, yellow, cyan, magenta, and white, 
which are obtained by mixing the three primary 
colors (red, blue, and green) from two lasers in 
a digital fashion. The system uses an argon 
laser and a He-Ne laser. 

The unique method of scanning used in this 
system requires that the data be in digital form. 
The scanner consists of 32 mirrors that are ar- 
ranged in a polygon, as described earlier. Each 
face is slightly tilted with respect to the neigh- 
boring mirrors, producing a vertical scan (fig. 
15). This mirror arrangement is rotated on the 
same axis and by the same motor as the mag- 



Figure 16. — Display 2 — schematic diagram. 


netic drum on which the display data are re- 
corded. Each primary-color laser source has 
been split into 16 beams, each of which is modu- 
lated in a digital fashion by one of the 16 tracks 
on the drum. In this way, as the data from the 
drum are read into the modulators, the beam is 
scanned across the screen. Each primary color 
has a 16-track data storage drum and a rigidly 
coupled polygonal mirror deflector associated 
with it. The system has a frame rate of 60 Hz. 
The contrast ratio is 100 to 1 in a darkened room, 
and linearity and registration are better than 
0.25 percent (fig. 16). 

Display 3 

Display 3 (refs. 5, 7, and 20) is a scanned, 
color laser display system using a flying spot 
both to illuminate the scene and to illuminate 
the display screen. A three color beam is 
scanned in a raster pattern by appropriate elec- 
tronics. Part of the moving beam is diverted 
from the screen to scan an object of interest. 
A sensing device that consists of three photo- 
detectors, each sensitive to only one of the color 
components of the scanning beam, monitors the 
light reflected (or transmitted) from the scene 
and thus produces three color-separated video 
signals for modulating the display beams. 
Each signal is amplified and drives the corre- 
sponding modulator. (See fig. 17.) 

The three colors are produced from argon and 
He-Ne lasers. Each beam is polarization modu- 
lated so the intensity of that portion of the beam 
scanning the object does not change. The 
beams directed toward the screen are passed 
through a polarizer to produce intensity change 
in response to the polarization change. 



Figtjbe 17. — Experimental three-eolor scanner laser 
display system. 
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This technique of simultaneously scanning 
the scene and the display screen was employed 
because synchronization of the video signal with 
the scan pattern is automatic. These researchers 
were unable to develop a satisfactory sawtooth 
scanning device, and the present system was de- 
veloped to avoid the need for one. 

The objective of this program is to develop a 
scanning laser display that is compatible with 
standard television signals, and work is con- 
tinuing along this line. The resolution of the 
present system is comparable to standard tele- 
vision, and its contrast ratio is 100 to 1 in a 
dark environment. 

This laboratory model is also being used to 
study computer-driven scanning systems. 
Such a device would choose an optimal scan for 
the objects being viewed, and would eliminate 
the necessity of recording and displaying use- 
less information. It is hoped that computation 
equipment to accomplish this could be included 
in the display computer interface. 

In addition to the displays mentioned and 
described, there are many other single-color 
scanning laser display systems that utilize the 
techniques of scanning and modulation de- 
scribed previously. 

Although bulky and expensive in the research 
stage, scanning laser displays have the poten- 
tial for substantial improvement over conven- 
tional CRT’s. Ultimately, color-scanning laser 
displays will be developed to the point where 
they will replace the CRT in many flying spot 
applications. They offer greater brightness and 
greater resolution, and the display beam need 
not be in a vacuum. In addition, a scanning 
laser system can provide a very large screen 
display for multiple viewing with a practical 
degree of brightness and resolution (ref. 21). 

Holographic Displays 

In 1947, Gabor proposed that, if two wave- 
fronts were allowed to interfere and the pattern 
were recorded on film, and if one of the wave- 
fronts were passed through the resulting trans- 
parency, the other would appear as the first- 
order diffraction pattern. He called this tech- 
nique “wavefront reconstruction” and observed 
that spatially coherent light would be required 
to make his technique work. 


Not long after lasers were developed (par- 
ticularly the class of continuous emission gas 
lasers), Gabors techniques were applied, and 
wavefront reconstruction became a practical 
reality. Stroke proposed that the name “ho- 
lography” be adopted for the new technique; 
holos, Greek for “everything,” and gmphein , 
Greek for “to depict,” imply that, in a hologram, 
everything necessary to reconstruct a picture is 
contained in its wavefront. 

A conventional photograph records the in- 
tensity pattern of a scene by “mapping” indi- 
vidual points of the scene onto corresponding 
points of film by use of a lens. A hologram 
also retains intensity information from the scene 
and, additionally, records the phase of light 
originating from each point. This phase infor- 
mation is related to the distance of points from 
the hologram and, therefore, depth information 
is contained in the holographic record. The 
hologram pattern is not related point for point 
to the recorded scene, but, instead, light from 
each point of the scene is distributed over the 
entire hologram. So much information is re- 
corded in the two-dimensional plane of the holo- 
gram that a hologram has some unique proper- 
ties. (See fig. 18(a) and 18(b).) 

Properties of Holograms 

Because the wavefront is entirely recon- 
structed, there is, substantially, no difference 
between the view of the reconstructed wavefront 
and that of the original wavefront. F ull three- 
dimensional aspect is apparent. Also, each 
small section of the hologram plane has received 
light from every point of the recorded object; 
each small segment of the hologram will re- 
produce its view of the entire scene. Of course, 
different segments produce views of the scene 
from slightly different angles, further demon- 
strating that the reconstructed image of the 
entire plane is three dimensional. 

A hologram is produced by recording the 
interference pattern between two wavefronts. 
As previously stated, the pattern can diffract 
one wavefront into the other. Normally, one 
of the wavefronts used to produce the hologram 
is very uniform; for example, a plane wave- 
front or a spherical wavefront. The other 
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HOLOGRAM PLATE 



(a) 


VIRTUAL IMAGE OF 
ORIGINAL OBJECT 



TO COME FROM 
ORIGINAL OBJECT 


(b) 

Figure 18. — Holographic displays. (a) Reference 
beam is part of wavefront from point source. Rest 
of beam is used to illuminate object. (6) First- 
order diffraction pattern from hologram produces 
wavefront identical with that which would come 
from object (as shown by dotted lines). 

wavefront would be complicated, such as that 
from a scattering object. When the uniform 
wavefront is projected through the hologram 
plate, the irregular wavefront is produced, and 
one sees the scattering object as if through a 
window. 

Several holograms can be stored on one plate 
by using another technique, namely, the “Bragg 
effect.” The photosensitive material in which 
the interference pattern is stored is not strictly 
a two-dimensional transparency. The emulsion 
thickness, after development, for Kodak 649F 
spectroscopic plates is typically 15 jx. This is 
equal to approximately 25 or 30 wavelengths. 
Thus, the “interference lines” are, in reality, 
dark bands existing throughout the thickness 
of the emulsion. The result of this character- 
istic is a sensitivity to the wavelength and di- 
rection of the reconstructing light. The 
image intensity as a function of reconstructing 
beam angle for planar holograms is as shown 
in figure 19, the principal maximum occurring 
at the recording reference beam angle. 


RELATIVE IMAGE REFERENCE BEAM ANGLE - 30° 

INTENSITY — — — « " " .-39“ 



; 10° 20° 30° M° 50° 60° 70° 80° RECONSTRUCTING 

1 BEAM ANGLE 

Figure 19. — Image intensity as a function of recon- 
structing beam angle. 

Several holograms can be stored on the same 
plate by choosing reference beam angles so that 
the image intensity maximum for any one holo- 
gram corresponds to an intensity minimum for 
all the other holograms. As many as seven 
holograms have been stored on one plate by 
using the technique of Leith et al. (refs. 22 and 
23). This technique can also be used to pro- 
duce color holograms. By using reference 
beams of different colors and by choosing ref- 
erence beam directions so that crosstalk between 
images is minimized, it is possible to recon- 
struct the images associated with the several 
colors superimposed in space, thereby generat- 
ing a full-color hologram (refs. 24, 25, and 26) . 
Color holograms that reconstruct with white 
light have also been made using the Lippmann 
effect (ref. 27). 

A constraint that threatened to keep holo- 
grams in the laboratory was the necessity to 
produce them with coherent light. This limita- 
tion prevented making holograms of outdoor, 
or large, scenes. Subjects that could not be 
illuminated by laser light, and only laser light, 
were immune to holography. A technique, 
known as the fly’s-eye method 1 of photography, 
was developed early in 1967 (ref. 28) and 
eliminates the difficulty created by the need for 
coherent light. In this procedure, a composite, 
many- faceted lens, much like that of a fly’s eye, 
is used to produce many images of the scene 
of interest (fig. 20) . If a fly’s-eye lens of about 
2 inches in diameter is used, the scenes recorded 
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Figure 20. — Fly’s-eye method of photography, (a) Fly’s-eye lens makes multiple recording of scene. (6) Multi- 
ple recording is illuminated by laser and imaged by fly’s-eye lens. Hologram of image is recorded, (c) 
Three-dimensional reconstruction of original scene. 
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by opposite edges of the lens will show as much 
angular variation as the scenes observed by the 
two eyes of a human. This indicates that the 
fly’s-eye lens can record three-dimensional data 
as complete as human eyes can detect. The 
images from a fly’s-eye lens are recorded in the 
manner of conventional photography, and a 
color transparency is made. If this transpar- 
ency is projected through another fly’s-eye lens 
of exactly the same size containing the same 
number of elements, and oriented in the same 
way as the original lens that made the picture, 
it produces a single real image of the scene of 
interest. This image contains three-dimen- 
sional information. If a laser is used to project 
this image and to make a hologram of it, the 
hologram has all the characteristics that one of 
the scene would have. In this way, a hologram 
of any scene, illuminated by any light, can be 
made if a photograph of the scene can be made. 

Another property of holograms having ap- 
plication to displays is the ability to alter the 
virtual output image by reconstructing with a 
wavefront that is not exactly the same as the 
reference beam wavefront. Consider the case 
of a hologram constructed with plane waves 
and reconstructed with a point source located 
at some distance / from the plate and in the 
same direction as the reference beam (fig. 21). 
One can think of this configuration as a recon- 
struction with the original plane wave refer- 
ence beam through a negative lens of focal 
length /, located in the plane of the hologram. 
The virtual image in this case is a closer, “mini- 
fied” image. It is the virtual image of the 
original scene as viewed through a negative lens. 
Similarly, positive lenses can be simulated by 
using converging reconstructing bundles. Im- 
ages produced in this way are enlarged virtual 
images if the effective focal length is greater 
than the object distance, or inverted real images 
if the effective focal length is less than the object 
distance. Lenses of any focal length can be 
simulated in this way. Mechanical manipula- 
tion of the position of the point source can pro- 
vide a continuously variable focal length. 

Prisms can be simulated in the same way. If 
a hologram, recorded with a plane reference 
wave, is reconstructed with plane waves origi- 


nating from a slightly different direction than 
that of the original reference beam, the result- 
ing virtual image is of the original scene viewed 
through a prism. The prism is that which 
would redirect the reference beam to be alined 
with the reconstructing beam. The resulting 
image appears somewhat like the original scene 
rotated about an axis in the plane of the holo- 
gram (ref. 29). The image intensity is some- 
what lower than maximum when reconstructing 
with plane waves originating from other than 
the preferred direction. This is due to the sen- 
sitivity of intensity to reconstructing beam 
angle discussed earlier. This technique is ef- 
fective for apparent rotations of ±5° with 
Kodak 649F plates. Rotated versions of a 
scene can be stored at extinction points, as dis- 
cussed earlier, thereby extending the range of 
reconstructing beam angles over which the holo- 
gram is useful (ref. 30). 

A prototype display system using this meth- 
od to obtain image rotations is being designed 
at the Electronics Research Center of NASA. 
Combined with mechanical manipulation of the 
hologram plate (translation within the holo- 
gram plane and rotation of the hologram about 
an axis normal to its plane), this technique will 
display a three-dimensional scene that can be 
controlled in five degrees of freedom. 

One serious problem in the field of holo- 
graphic display is that conventional holograms 
cannot be generated in real time. A hologram 
must be carefully created over a period of time 
ranging from a few minutes to a few hours. A 
carefully controlled environment is required 
during hologram construction; therefore, the 
hologram must be produced for a display situa- 
tion ahead of time. One possible way to bypass 
this problem is through computer generation 
of holograms. Generation and manipulation of 
holograms by computer is interesting for many 
other applications as well. The realization of 
real-time holographic display must remain for 
the future, because even the problem of real- 
time hologram generation by computer has not 
been completely solved. The general method' 
is to use mathematics that correctly describes 
the phenomena of interference at a plane, and 
allow a computer to calculate the degree of in- 
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terference at points in the hologram plane. Be- 
cause the wavefront from any object can be 
approximated as the superposition of spherical 
wavefronts from points on the object, the holo- 
gram can be generated by consideration of the 
reference wave interfered with the summation 
of the many spherical wavefronts. A method 
has been devised for reducing the number of cal- 
culations necessary to produce a hologram, and 
the number of calculations necessary to per- 
form operations on a created hologram to pro- 
duce another one (ref. 31). This work makes 
the computer generation of complex holograms 
a somewhat more practical approach for the 
near future. At present, holograms of simple 
objects have been generated by computer (ref. 
32). 

Another property of holograms applicable 
to display is that any form of energy propa- 
gated by a wave will produce a hologram. 
Holograms have been produced by using ultra- 
sonic vibrations as the “illuminating” source 
(refs. 33 and 34). Because these waves have a 
wavelength two or three orders of magnitude 
greater than that of light, the hologram so pro- 
duced was proportionately larger in size. A 
conventional hologram was then made by re- 
ducing the original pattern to optical propor- 
tions. The resulting hologram, when illumi- 
nated by light, produced a visual reconstruction 
of the object illuminated by the sound. A sim- 
ilar experiment was successfully conducted us- 
ing microwave radiation (ref. 35). 

Work has also been performed to develop ma- 
terials, other than photographic emulsions, that 
will respond to laser light. Some work has 
been completed in the use of alkali-halide single 
crystals for storage of hologram (and other) 
patterns. These crystals can be induced to 
form electron “holes” in the lattice where an 
atom has been displaced. The electron that fills 
this position is capable of responding to light 
in unique ways. For instance, a technique by 
which a laser can be made to write in a crystal 
in a specific manner and then erase what is writ- 
ten has been proposed. Theory predicts other 
dramatic properties for this type of crystal 
(ref. 36). 


Many applications (ref. 37) for holography 
are immediately apparent. The concept has 
been used extensively in the science of inter- 
ferometry because a hologram is basically an 
interference pattern. Especially valuable to 
interferometry is a method of taking “flash” 
holograms with a Q-switc'hed laser (refs. 38, 39, 
and 40). 

The capability of a hologram to magnify an 
object by large proportions makes it very useful 
in measuring. “Flash” holograms have been 
made of dynamic microscopic subjects; they 
can be studied in full three-dimensional recon- 
struction and at the researcher’s leisure (ref. 
41). Techniques for recording bubble-cham- 
ber data (information requiring detection of 
three-dimensional spatial relations) have been 
perfected (ref. 42). The reconstructed image 
of a hologram can be examined in a natural 
form or the interference pattern itself can be 
measured to extract the recorded data. 

Extensive work has been performed to evalu- 
ate the use of holograms as data storage devices 
(ref. 43) for computers. The hologram acts as 
a storage device when any measurable informa- 
tion is recorded on it. The experiments with 
alkali-halide crystals, cited previously, indicate 
the potential for recording digital data, with 
the option to erase and re-record. In a differ- 
ent research effort (ref. 44), holograms were 
used to record digital data in a manner which 
allowed associative retrieval of the stored infor- 
mation ; that is, information was retrieved from 
the hologram on the basis of content, rather 
than location (as in conventional memories). 
This research suggests the possibility for pat- 
tern recognition systems based on holograms as 
the storage medium. 

The application of holography in the field of 
display seems to surpass its possible use in other 
fields. Here is a technique that can, potentially, 
provide a dynamic, full-dimensional, full-color, 
high-resolution display of any visual scene. 
This potential is realizable in the near future. 

Any holographic display system must include 
a light source of suitable intensity for the dis- 
play ; and a mechanism to manipulate the holo- 
gram, either a hologram changing device if a 
hologram movie is to be displayed, or a multi- 
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dimensional manipulator if the hologram is to 
be reoriented to provide different views. 

Because of the availability of very bright 
lasers, a suitable light source for the display of 
a hologram does not pose a problem. Actually, 
a laser is not necessary; reconstruction is pos- 
sible in any reasonably uniform illumination 
with a wavefront shape similar to the reference 
beam. Manipulation of the hologram (s) is by 
lateral motion of the hologram plate, by rota- 
tion of the hologram plate, or by replacement 
of the hologram plate with another one. A 
complete display might utilize a combination of 
these manipulations. 

A hologram can be used to display any type 
of three-dimensional data. With a perfected 
method of computer generation of holograms, 
output data from a computer could take on 
visual, three-dimensional form. 

A holographic display could be used as a 
head-up, all-weather landing and navigation 
display for aircraft and spacecraft pilots. In 
the case of an aircraft, it would provide a visual 
representation of the airport at which the pilot 
is landing. This visual representation would 
be driven by a small onboard computer, which 
would obtain driving data from the aircraft’s 
instruments and ground control. The view 
would be reflected from the windshield, or in- 
stalled as a window in the instrument panel. 
The update rate could be rapid enough to give 
the pilot an effectively continuous display (see 
fig. 22). A similar display could be used in 
flight-simulation devices to give a realistic feel 
of flight to the simulator operator. 

Presently, only a few types of holographic 
displays are at the prototype stage. One is a 



Figure 22. — Flight simulator utilizing a holographic 
display. 


holographic movie system which displays a l 1 2 3 4 /^- 
hour sequence of holograms at a rate of 20 
frames per second. It displays an apparent 
2-meter cube of space, and can be viewed effec- 
tively from a floor area of about 30 square feet. 
Ultimately, the designers hope to produce a 
system displaying 24 frames per second with 
2 views per frame. This would provide 48 pic- 
tures per second, which is sufficient for the eye 
to see a continuous image. Work is being done 
to develop a method for viewing color holo- 
grams by reflection to improve the quality of 
the hologram movie. 

Several industries and NASA are working 
on the development of holographic display de- 
vices to simulate flight. These displays will 
have characteristics similar to the theoretical 
pilot display discussed above. 

Holography, as a new science, has generated 
wide interest. The many applications of ho- 
lography have been recognized for some time 
(refs. 45 and 46). The literature explains the 
concept of holography and describes, in greater 
detail than this report, many of its applications. 
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Introduction 

Although display technology has progressed 
rapidly during the past few years, there is at 
present no satisfactory large tactical display nor 
is there a satisfactory digitally controllable dis- 
play for airborne systems or for ground port- 
able van systems (refs. 1 and 2) . Recently, an 
advance in the state of the art was made with 
the invention of the plasma display (refs. 3 and 
4). Although the plasma display does not 
satisfy as many of the condition's as one would 
like, it does more closely satisfy these conditions 
than any other technique (ref. 5). This paper 
discusses in detail the characteristics of the 
plasma display. Also covered are the history 
of the development, cell construction, and the 
experimental setup used to measure the cell 
characteristics, a few of the experimental results 
which shed light on the mechanisms responsible 
for the cell’s behavior, an explanation of the 
bistable characteristic, techniques for writing 
and erasing, the current status of the display, 
and, finally, problem areas and possible 
solutions. 

History 

To minimize the amount of electronics neces- 
sary to control an array of discrete light-emit- 
ting elements, crossed grid arrays have been 
made. For instance, for a crossed' grid array 
of n X n elements, instead of requiring n 2 control 
circuits, only 2 n control circuits are needed if 
the array is arranged in a crossed grid. How- 


ever, if the light-emitting elements of the array 
are not bistable only a single element can be 
selected at a time, an external memory device 
must be used, and the display must be cyclically 
refreshed at a 30-Hz rate. Because only one 
element is on at a time, the average cell on- 
time is low, so the average cell brightness is 
much lower than it would be if the cell were on 
continually. If the elements have a bistable 
characteristic, the display does not have to be 
continually refreshed, no external memory is re- 
quired, and on cells are on all the time thereby 
yielding the full brightness of the cell. 

Under appropriate conditions, a larger volt- 
age is necessary to ignite a gas discharge cell 
than is required to sustain the discharge (ref. 
6) . At intermediate voltages the gas cell is bi- 
stable and the properties of a light source and 
memory are combined. Thus, arrays of gas 
cells are ideally suited for arrays of self-lumi- 
nous elements because gas cells combine the 
functions of the light-emitting element and 
memory element into the same device. 

One of the first arrays of gas cells was made 
by Skellet in 1954 (ref. Y). This design had 
two orthogonal sets of wires, which were sepa- 
rated by a small distance and sealed in a neon 
atmosphere. There were 100 horizontal wires 
and 20 vertical wires. Skellet reported that a 
discharge could be confined between any crossed 
pair of electrodes in the array. He did not re- 
port on experiments in which more than one cell 
was fired concurrently. However, Harris 
(ref. 8), in a memorandum on the Skellet dis- 
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play, pointed out that when a number of cells 
were ignited, additional unwanted cells would 
fire. 

Moore (ref. 9) made a rectangular array in 
1963 similar to that shown in figure 1(a). A 
honeycombed glass panel was placed between 
two outer glass panels, and parallel transparent 
thin-film electrodes were deposited on the inside 
surfaces of the outer glass panels. Air was 
evacuated from the array and the array was 
filled with neon. Initially, Moore was inter- 
ested in igniting only a single spot of light, and 
in this he was successful. Later, when he tried 
to ignite a number of cells, he discovered that 
cells having electrodes in common with the 
fired cells would also fire. 

In 1964, Thompson (ref. 10) added a resist- 
ance in series with each gas cell to reduce the 
coupling between the electrode. He made a 
matrix of 10 by 10 cells, and demonstrated that 
any combination of cells could be fired without 
firing unwanted cells. One set of parallel elec- 
trodes was on the inside surface of the outer 
plate. The other set was isolated from the dis- 
charge cells by resistors, which were connected 
to individual electrodes in each cell. This was 
accomplished by using one electrical feed- 
through for each cell. However, fabrication 
difficulties limit both the cell density and the 
cell size with this technique, and cathode sput- 
tering and local impurities cause an undesirable 
variation in the cell’s characteristics. 

In 1964, Bitzer, Slottow, and Willson (ref. 
11) placed electrodes on the outside surfaces of 
the outer plates. Their first experiments were 
on a single cell 1 that was filled with neon. They 
observed that the cell had a large bistable char- 
acteristic and that the characteristic was time 
dependent. The time dependence was attrib- 
uted to impurities in the cell which were intro- 
duced, in part, by a dirty gas-filling vacuum sys- 
tem, so a much cleaner all-glass, bakable, gas- 
filling vacuum system was made. Using the 
new system, they observed that with neon alone 
the cell had almost no bistable characteristic, but 
with small percentage of a molecular gas added 
to the neon, 5 percent F 2 for instance, the cell 
again exhibited a large bistable characteristic. 
The dependency of bistable characteristics on 
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Figure 1 . — Rectangular array of gas cells, (») Inter- 
nal electrodes ; (&) external electrodes. 

gas mixture will be explained in “Bistable 
Characteristics.” 

The first successful array of cells consisting of 
external electrodes was made by Bitzer, Slottow, 
and Arora in 1966 (ref. 12). The array con- 
sisted of 64 cells (8 rows and 8 columns), 16 
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(4 s by 4) of which were used to demonstrate 
selective writing of cells; the cell density was 
40 cells per inch. (See fig. 1(5).) Later that 
year plasma displays also were made in a num- 
ber of different industrial laboratories. Work 
on plasma displays is continuing, some of which 
is discussed in “Current Status.” 

Cell Construction 

A plasma display is constructed from three 
pieces of thin, flat glass panels that are sand- 
wiched together. The center panel is honey- 
combed with holes, and transparent electrodes 
are vapor deposited on the outside surfaces of 
the outer glass panels. The two sets of elec- 
trodes are orthogonally positioned. (See fig. 

m-) 

Each cell forms a small volume which is com- 
pletely surrounded by glass. Voltages applied 
to the appropriate row and column electrodes 
are capacitively coupled into the cell. The ca- 
pacitive reactance isolates the cells from the row 
and column electrodes, and any combination of 
cells can be on at one time. 

Usually, the holes in the honeycombed panel 
are etched ; however, early arrays were made by 
ultrasonic drilling. Typically, the holes are 
0.015 in 2 , although both larger and smaller holes 
have been made. The panels are typically 
0.006 inch thick. 

The' sandwich of three plates is sealed to a 
tube with epoxy. The panel is evacuated and 
then filled with a neon-nitrogen mixture to a 
pressure of approximately 700 torr. 

Figure 2 is a photograph of a 16- by 16- 
element plasma display with a symbol written 
into the display. The cell density is 40 cells 
per inch, and only sustaining voltages are being 
applied to the array. The cell brightness was 
600 ft-L and the excitation frequency was 300 
kHz. 

Experimental Results 

Measurements of the current and the radiated 
light of the capacitively coupled plasma dis- 
charge cell show that the characteristics of the 
discharge are dependent on the gas mixture 
used. For instance, discharges in neon, in 
helium, and, to a lesser extent, in argon, are 
relatively slow in forming and are generally 



Figure 2. — Experimental 16- by 16-element plasma 
display panel. 


characterized by long light pulses that are 
nearly as long as a half cycle of the sustaining 
voltage. On the other hand, discharges in ni- 
trogen, and in neon-nitrogen mixtures, are 
formed very rapidly and are characterized by 
extremely short light pulses, which can be as 
short as 40 X 10 -9 second in duration. Further- 
more, it was found that a significant bistable 
characteristic occurs only for the rapid dis- 
charges (refs. 5 and 13). 

Figure 3 shows oscillograms of the sustaining 
voltage and the light pulse, as measured with a 
photomultiplier. The light from a number of 
cells (about 12 cells) was channeled via a light 
pipe onto the cathode of the photomultiplier. 
A 400-element plasma display was used ; the cells 
are 0.015 inch on a side and 0.006 inch thick. In 
figure 3(a), the cell is filled with neon only, 
and the light pulse is rather broad and persists 
for a large fraction of a half cycle. With 4.3 
percent of nitrogen added to the neon, the light 
pulse is considerably narrower and larger (fig. 
3(/) ). Figure 3(6) to (/) shows the wave- 
forms for a number of different nitrogen con- 
centrations. The narrower, larger light pulse 
corresponds to a more rapid, more intense 
discharge. 
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Figure 3. — 'Light pulse and voltage N.+Nt. Neon pres- 
sure=650 torr, square cell r=0.038 cm, thickness= 
0.015 cm, time scale: 0.5 gsec/div. 


A much more rapid discharge is also observed 
when other gases are added to neon; that is, 
neon plus carbon monoxide and neon plus water 
vapor (ref. 5). Likewise, helium plus nitrogen 
and argon plus nitrogen (ref. 13) exhibit the 
sharp discharge and a bistable characteristic. 

Bistable Characteristics 

It is well known that the bistable character- 
istics of a dc gas discharge is due to the space 
charge of the discharge (ref. 6). If the space 
charge is removed, the full firing voltage must 
be reapplied to reignite the discharge. On the 
other hand, for the plasma display with a 
proper gas mixture, the discharge persists for 
only a short period of time. However, once the 
discharge is initially ignited, subsequent dis- 
charges occurred even though the applied volt- 
age is reduced. Calculations show that practi- 
cally no particles remain in the volume between 
discharges, so a space charge mechanism cannot 


account for the bistable characteristic. A new 
mechanism is necessary to explain the bistable 
Characteristic of the plasma display. 

Figure 4(a) is a sectional view of a single gas 
cell and its equivalent circuit. Capacitors C, 
represent the coupling capacity between the ex- 
ternal electrodes and the adjacent cell walls, ca- 
pacitor C 2 represents the capacity of the unfired 
cell, and G represents the gas discharge. 

Let us assume that the cell is filled with a 
proper gas mixture so that the discharge is very 
rapid. Let a time-varying voltage be applied 
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Figure 4. — Sectional view and equivalent circuit. 
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across terminals a-b, and assume that at time U 
the firing voltage is applied across the cell (ca- 
pacitor C 2 in our model) . Shortly, after time 
t t , the discharge starts and rapidly creates a 
large number of electrons and ions. The 
charges flow in a direction to minimize the 
energy of the system, and shortly after the dis- 
charge is started, enough changes are present to 
reduce the cell voltage below the minimum dc 
sustaining voltage and the discharge is extin- 
guished. Charge continues to be removed from 
the volume, and due to the charge, a voltage F 0 
appears across the cell O c . If the total voltage 
difference across the cell does not change sign 
while charge is in the volume, F 0 will be larger 
than it would be if there were a sign change. 
The charge leakage time is long compared with 
the times between firings, and F 0 is essentially 
constant between discharges. During the next 
half cycle, the component of the external volt- 
age which is across the cell adds to the charge 
voltage V 0 and only V f -V 0 need be supplied to 
fire the cell. At atny voltage between Vf, and 
Vf-V o, the cell has a bistable characteristic, 
and the state of the cell is determined by the 
presence or absence of the charge voltage V 0 . 

The time dependence of the current buildup 
is strongly influenced by a small increase in the 
applied voltage above the firing voltage ; a small 
percentage increase in the applied voltage above 
the firing voltage causes a large increase in the 
current. Thus, if the slope of the applied volt- 
age at time t x is large, V 0 will be larger than it 
would be if the slope were smaller. This slope 
dependence is useful in changing the state of 
cells. (See “Drive and Selection Circuitry.”) 

It appears most likely that in the rapid dis- 
charges a fast electron multiplication mecha- 
nism dominates (photon bombardment of the 
negative surface) , while in the slower discharge, 
a slower electron multiplication mechanism 
dominates (ion bombardment of the negative 
surface) . A more detailed explanation of this 
mechanism may be found in reference 3. 

Drive and Selection Circuitry 

Many techniques are possible for inputting 
data into the plasma display. The most 
straightforward method and, indeed, the first 


method used is to control the voltage on each row 
and column electrode independently. A sec- 
ond method is to drive the lines in parallel with 
a single sustaining voltage source and to add 
pulses to appropriate lines (ref. 13). Bach 
method has its advantages, as indicated in the 
following discussion. 

Fast Write and Erase 

The first write-erase scheme, called fast write 
and erase, makes use of three voltage levels : V w 
a write voltage, V s the sustaining voltage, and 
V c the erase voltage. Of course, V w >Vf and 
F„<Fe, where V F is the cell firing voltage and 
Ve is the cell extinguishing voltage. Through 
control circuits, either V w /2, V s /2, or V e /2 is 
applied to a given row electrode, and the cor- 
responding voltage of opposite polarity is ap- 
plied to the column electrode. Thus, the cell 
has either V w , V s , or V e across it and is written, 
sustained, or erased. Of the two techniques, this 
one is the fastest, but relatively high voltage 
control circuits are required. 

An interesting result has been derived (ref. 
12) which relates the variation in the cell 
parameters and in the control voltages to the 
memory margin, a. The symbols V F , Ve, V e , 
V w , and V s are taken to be mean values, and' the 
voltage range is assumed to be F,-±AF,- for 
each voltage. In general, the voltage range is 
not symmetrical with respect to the mean volt- 
age but the assumption that it is symmetrical is 
not too much of a simplification. Using the 
condition that unwanted cells are not fired or 
erased, one obtains 


F»>Fe+AFe+AF„ . 


F e <F e -AF E -AF s 


FeU 3 AF eT 2 AF e 

+AF s <F s <Fe-3AF„-2AF w -AF 5 (1) 


The memory margin a is defined as 


(Fe-Fe) 

1/2Fe 


( 2 ) 
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Solving for V E in equation (2) and substituting 
for Ve into equation (1), one obtains 

2 — «-)-( 3AFi;-|-2AF<.-|-AFt) 

1/2F, 

^ F s ^ 2+ ( — 3AFj?— 2AF w — AF s ) /0 , 
~1/2V P ~ 1/2Vf K } 

The minimal acceptable a occurs with equality 
of equation (3) and one has 

3AF E J \r‘,iAV F -{-2AV e ~ ] r 2AV’ W '4~2AF s / , ■. 

“ min ~ lj2V F [> 

If, for simplicity, one further assumes that 
AFF=AF B =AF 5 =AV' M ,=AF e , then one has 

/ 24AFA 

“ min \ V F ) 

Actually, a could be somewhat smaller than 
that indicated by equation (5) because the 
numerator of equation (4) is usually less than 
24AFp. When V E is the smallest, a is the larg- 
est. Now V e <V f /2, so «<1. If we assume that 
AF WJ AV e , and AF S are all very much less than 
AF f or AF e, and letting AV E —AV F —AV , we have 

AF 1 

or 8.2 percent (6) 

Thus, with near-perfect regulation of the ap- 
plied voltages and with complete cell charging, 
the cell’s electrical characteristics must not vary 
by more than about 8 percent. Even with per- 
fect regulation of V w , V e , and F s , the fraction 
of these voltages which are applied across the 
cells is a function of the plate thickness and the 
local dielectric constant. If one is to minimize 
the variations in the applied voltages, both uni- 
form plates and regulated voltages must be 
used. 

Slow Write and Erase 

A diagram of the control circuitry for the 
second control technique, designated slow write 
and erase, is shown in figure 5. A single sus- 
taining voltage source supplies the sustaining 
voltage to the whole array and all of the lines 
are driven in parallel. The switching networks 
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apply voltages to selected lines through resis- 
tors R. The R-C network isolates the switch- 
ing network from the sustaining voltage source, 
and relatively low- voltage switching transistors 
can be used. Logic circuitry controls the appli- 
cation of both the write and erase pulses and the 
sustaining voltage. 

Usually, only the sustaining voltage is ap- 
plied to the array, and cells that are in the one 
state continue to refire each half cycle, but cells 
in the zero state do not. To fire a cell, the 
sustaining voltage for the whole array is re- 
moved at a zero crossing of the sustaining volt- 
age and voltage pulses are added to the selected 
row and column. The sustaining voltage is 
then reapplied and, with a proper choice of 
pulse amplitude, the total voltage across the cell 
exceeds the firing voltage and the cell fires. 
The cell is now in the one state and will refire 
each half cycle. The pulses are now removed 
and the cell “tracks” the voltage because of the 
slope dependence mentioned in “Bistable Char- 
acteristics.” This sequence of operations is 
illustrated in figure 6 (top) . 

To erase a cell, the pulses are added before 
the sustaining voltage is removed and the cell 
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Figure 6. — Slow-wri te erase. 


tracks the resultant voltage, as shown in figure 
6 (bottom). Notice that just before the erase 
voltage is removed, the total voltage across the 
cell is nearly zero. The sustaining voltage is 
now removed. The sustaining voltage is re- 
moved just after the wall is positively charged, 
and if the amplitude of the voltage pulse is cor- 
rect, no net voltage will appear across the cell. 
With the resumption of the sustaining voltage, 
since the net wall voltage V 0 is zero, the cell 
will not fire so the cell has been erased. 

Measurements show that about 4 half cycles 
of the sustaining voltage must be allowed for 
the tracking of the pulse voltages (ref. 12). 
Thus, at least 2 periods must be allowed for 
writing or erasing the cell. Also if the sustain- 
ing voltage is off too long, some cells might not 
retire (ref. 13). The permissible off time is 
strongly determined by the cleanliness of the 
cells. For relatively “dirty” cells, the off time 
must be less than 15 microseconds, while for 
rather “clean” cells the off time can be as large 
as 1000 microseconds. Typical times are 15 
microseconds for the total rise and fall times 
and 30 microseconds for the switching voltage 
off time, which gives a 60-microsecond write or 
erase cycle (ref. 14). If the cells are written 
one at a time, 16 000 cells can be written in 
1 second. For most applications this speed is 
adequate; if the cells are written a row at a 
time, 16 000 rows can be written in 1 second. 


Current Status 

Considerable work is being done in the plasma 
display area. As of August 1967, at least six 
different industrial and university laboratories 
were actively doing research and development 
work on the plasma display. The feasibility of 
the concept has been established and now the 
major goal is to make a reliable array of reason- 
able size with appropriate control circuitry. A 
number of problem areas must be solved, and 
some of the more important problem areas will 
be discussed later in this paper. The status of 
some of the research and development work is 
summarized in the following discussion. 

Bitzer, Slottow, and their colleagues have con- 
fined their work to a 16- by 16-element array. 
They invented the two write-erase techniques 
and are presently perfecting them. In addi- 
tion, they are investigating computer memory 
aspects of the plasma display and are looking 
into some aspects of the physics of electrodeless 
discharges that are germane to plasma displays 
(ref. 15). 

Harris and his colleagues demonstrated their 
plasma display at a plasma display symposium 
in June 1967 (ref, 2). This display was 32 by 
32 cells with 32 cells per inch. An ultraviolet 
light was placed behind the display to enhance 
the firing probabilities of the cells. The dis- 
play could be written or erased under control of 
a computer but this was not demonstrated at 
that time. They used the fast-write technique. 
Beryllium copper electrodes were used for the 
transparent electrodes. 

Mayer and his colleagues demonstrated their 
plasma display at the conference also (ref. 2). 
The array had 96 by 96 cells and had a cell den- 
sity of 32 cells per inch. It was controlled by a 
computer (for writing only). They also used 
an ultraviolet source to illuminate the array. 
Because of the low firing probabilities associ- 
ated with the cells it was necessary to cyclically 
rewrite the display a number of times. The 
fast-write technique was used. Opaque beryl- 
lium copper electrodes, with etched holes filled 
with highly transparent tin oxide, were used. 
The display was very dim and was viewed with- 
out room lighting. 
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Demetrick and his colleagues (ref. 2) have 
been involved in evaluation of the plasma dis- 
play work and in the feasibilities of the plasma 
display for tactical airborne systems. 

Our work (ref. 14) has been along a number 
of lines. We have made various arrays, the 
largest being 60 by 30 cells, with 40 cells per 
inch, although most were 20 by 20 cells. Con- 
trol electronics that are digitally controllable 
were designed and fabricated. The slow write- 
erase technique was used. During the write 
cycle the write pulse is left on for a period of 
time after the sustaining voltage has been ap- 
plied so that the cell firing probability is in- 
creased. An ultraviolet light is also used. Our 
first objective was to show feasibility and to de- 
velop techniques for making both reliable ar- 
rays and less expensive electronics. Uniform 
arrays have been made, and the first step in de- 
veloping less expensive electronics has been 
taken. Our second objective is to consider 
problems associated with making larger arrays 
from basic module building blocks, and we are 
considering various interconnection techniques 
for doing this. Also, techniques for enhancing 
the firing probabilities of the cells are being 
investigated with a view toward the eventual 
elimination of the uv source. Our third objec- 
tive is to investigate the possibilities of using the 
plasma display as an associative memory. This 
application looks very promising. 

Work is currently being done on plasma dis- 
plays with internal electrodes and on some new 
and improved gas mixtures. The arrays have 
operating voltages of 200 volts, a cell density of 
32 lines per inch, and a brightness of 300 ft-L. 

Work is also being done in the area of color 
plasma displays and gray-scale capabilities. 

Problem Areas 

Many problems are associated with making a 
larger plasma display, such as making uniform 
arrays, supplying a source of initial electrons, 
and making inexpensive electronics. 

The thickness of the three plates and the holes 
in the honeycombed plate must all be uniform. 
The electrodes must be placed over the cells 
consistently. These constraints are not severe 
when one makes small arrays, but for larger ar- 


rays they pose an increasingly difficult task,. It 
appears that for arrays larger than a few square 
inches (perhaps 6 or 8 in. 2 ) , a modular approach 
should be used. Modularization is especially 
attractive for displays in which the cell density 
can be smaller (tactical large area displays for 
instance), and a wider space between lines is 
permitted. 

Plates can be made highly parallel, but this 
will increase the cost of the array. The honey- 
combed hole structure can be etched fairly 
uniformly, but as the area gets larger, inhomo- 
geneities of the glass start to influence the struc- 
ture. Tradeoffs between the difficulties of 
making larger modules and the difficulties of 
interconnecting smaller modules should be 
carefully considered. 

Another problem is in supplying a source of 
initial electrons for cells that are off so that the 
cells can be fired at any specified time. A uv 
light is presently used to illuminate the array, 
and photoelectrons are ejected from the glass 
surfaces by the photoelectric effect. Work 
should be done in areas of coatings for the cell 
to enhance this mechanism. An electrode ma- 
terial should be chosen that is transparent to 
uv. Of course, the glass surface next to the 
uv source should also be transparent to uv, and 
the surface on the front side of the array should 
be opaque to uv, but transparent to visible light. 

It has been mentioned that metastable atoms 
most likely account for the initial source of elec- 
trons between discharges for “on” cells (ref. 3). 
It might be possible, with the application of an 
appropriate excitation waveform, to fire off cells 
often enough to guarantee a supply of excited 
atoms (metastables), but at a low enough rate 
so that the discharge is not visible. This firing 
must be done so that it leaves the walls of the 
cells in the zero state but does not charge the 
state of cells in the one state. 

The easiest method for guaranteeing reliable 
writing of the array is to write negatively. 
The whole array would normally be on, and 
writing would correspond with turning off se- 
lected cells. Cells can be erased very reliably 
because there is no problem of available initial 
electrons. 
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Much work remains to be done in making in- 
expensive drive and selection electronics. In- 
deed, it appears that the major expense of the 
display will be the control electronics. It 
should be possible to make the line drivers from 
microelectronics using thin film-discrete chip 
components, which will significantly reduce the 
cost of the display. 

Conclusion 

Some of the more important aspects of the 
plasma display have been presented. The sig- 
nificant events in the early development of a 
plasma display were sketched and the cell con- 
struction was shown. A typical set of experi- 
mental results was presented which illustrates 
the influence of the cell’s characteristics on the 


gas mixture used. Furthermore, it was shown 
that with a proper gas mixture a three-capacitor 
model could be used to explain the bistable char- 
acteristic. Two techniques were mentioned 
which are being used to control the display. 
The current status of plasma display research 
and various problem areas was also discussed. 

Acknowledgments 

Many people have contributed to the develop- 
ment of the state of the art of plasma displays 
and as far as was practical we have referenced 
their work. A special thanks is due W. Hoff 
and D. Bartling who contributed greatly in de- 
veloping the author’s solid-state electronics, 
and to E. Heitman who developed etching 
techniques. 


References 


1. Thomas, P. : Large-Screen Displays. Space/ Aero- 

nauts, 82, 1967. 

2. Graham, J. : Syracuse University Research Cor- 

poration, conference on plasma displays, June 
1967. 

3. Willson, R. H. : A Capacitively Coupled Bistable 

Gas Discharge Gas Cell for Computer Controlled 
Displays. Report R-303, Coordinated Science 
Laboratory, University of Illinois, June 1966. 

4. Arora, B. M. ; Bitzer, D. L. ; Slottow, H. G. ; and 

Willson, R. H. : The Plasma Display Panel — A 
New Device for Information Display and Storage. 
8th Natl. Symp., Society for Information Display, 
May 1967. 

5. Willson, R. H. : The Applicability of Plasma Dis- 

plays to Large Tactical Displays and to Digitally 
Controlled Van Displays. Westinghouse Defense 
and Space Center, Baltimore, Md., internal re- 
port (to be published). 

6. Cobine, J. D. : Gaseous Conductors. Dover Publi- 

cations, Inc., New York, 1958. 

7. National Union Electric Corp. : Lattice Videa- 

tion. Engineering Bulletin, Orange, N.J., Apr. 
1955. 


8. Harris, F. H. : Private communication concerning 

work on matrix displays done by Skellet, Na- 
tional Union Electric Corp., Nov. 1954. 

9. Moore, D. W. : Gas Discharge X-Y Display Panel. 

Winter Convention on Military Electronics, 
PGME of the IRE, vol. 8, 1963. 

10. Lear Siegler, Inc. : Development of Experimental 

Gas Discharge Display. Q.P.R., Nos. 2, 3, 4, 5, 6, 
and 7, Contract No. Nobsr 89201, BuShips, Au- 
gust 1963-June 1965. 

11. Coordinated Science Laboratory, Q.P.R. 31, Uni- 

versity of Illinois, Sept. -Nov. 1964. 

12. Coordinated Science Laboratory, Q.P.R. 155, Uni- 

versity of Illinois, Mar.-Aug. 1966. 

13. Coordinated Science Laboratory, Q.P.R. 157, Uni- 

versity of Illinois, Sept. 1966-Feb. 1967. 

14. Willson, R. H. ; Hoff, W. J. ; and Bartling, D. A. : 

Westinghouse Plasma Display Research. West- 
inghouse Defense and Space Center, Baltimore, 
Md., internal report (to be published). 

15. Bitzer, D. L. ; and Slottow, H. G. : Private com- 

munication, Coordinated Science Laboratories, 
University of Illinois. 



N68-22315 


MULTICOLOR ELECTROLUMINESCENT DISPLAYS 


Kenneth P. Bally 

Hartman Systems Co -, 1 Huntington Station, N.T. 


By gaining a better understanding of the behavior of a point-source emitter when 
immersed in a transparent solid of high refractive index, we have recently been able to 
design electroluminescent (EL) displays capable of generating all three primary colors in 
a single compact element and mixing them at will to provide seven possible color states. 

The resulting displays provide notable features not generally available in the past, the 
most salient of which are : 

(1) A single EL phosphor system is used throughout, which operates at a constant 
voltage and frequency 

(2) Each display element is capable of intrinsically generating or mixing the color 
primaries, and producing high color saturation 

(3) Intrinsic contrast is higher than conventional EL displays 

(4) Element-to-element isolation is higher, yet the percentage of display area that can 
be illuminated is nearly 100 percent 

(5) The unusual optical configuration employed permits a number of additional 
special effects and design options that normally are unavailable in conventional displays. 

The theoretical principles governing the design of these multicolor elements are 
presented, and application to an x-y display structure is discussed. 


Introduction 

Electroluminescent displays have always pos- 
sessed valuable characteristics that are poten- 
tially suitable to general aerospace, tactical, and 
group viewing requirements. By providing a 
true multicolor characteristic, display flexibility 
is further increased. This has aroused again 
the attention and interest of many people con- 
cerned with display system implementation. 

Two basic principles are exploited in the dis- 
play element to be described : 2 fluorescent stimu- 
lation and dielectric reflection. A conventional 
electroluminescent lamp is employed as a com- 
pact source of short-wavelength visible radia- 
tion, which is then used not for direct viewing 
but to stimulate any of several fluorescent com- 
pounds into emission at longer visible wave- 

1 Formerly Huyck Systems Co. 

3 Patents applied for. 


lengths. The resulting emissions are collected 
in a common optical channel and then trans- 
mitted to the viewing screen for direct observa- 
tion. A diagram of the display element is 
shown in figure 1. Three identical blue EL 
emitters stimulate three different secondary 
emitters, colocated on an adjacent dielectric 
slab. The resulting output from these second- 
ary sources is then viewed in a plane normal to 
the original emission plane of the lamp. 

The following paragraphs describe funda- 
mental design considerations and their contri- 
butions in determining optimum element 
parameters. 

Properties of Fluorescent Bodies 

Efficient organic fluorescent materials exist 
which are responsive to short- wavelength visible 
radiation in addition to the fluorescence nor- 
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Figure 1. — Multicolor element seven-color output. 

mally associated with ultraviolet excitation. 
They possess intense color values, strongly ab- 
sorb radiation in the green, blue, or ultraviolet, 
and reemit at longer wavelengths. 

Suitable fluorescent materials are found 
among the aromatic hydrocarbons (ref. 1) and 
the rare-earth chelates (ref. 2). Because of 
their high quantum efficiencies, they have been 
the subject of recent intensive studies for liquid 
laser applications. They are available in suffi- 
cient variety so that samples can be chosen with 
absorption spectra that are reasonably matched 
with the emission spectra of the more efficient 
electroluminescent phosphors. 

If incorporated in a suitable plastic vehicle, 
these materials can often be cast in a thin, specu- 
lar film (that is, nondiffuse) upon a transparent 
substrate. In this form a substantial amount 
of fluorescent light can be seen emitted from the 
substrate edge, when it is exposed to a stimulat- 
ing source (fig. 1). Such an effect cannot be 
obtained if either the coating or the substrate 
is optically diffuse because the observed light is 
actually the cumulative flux of all emitters in 
the coating over a very wide angle, conserved 
within the substrate by repeated dielectric re- 
flections at the major surfaces until an edge is 
reached. Obviously, this type of emitter has 
flux distribution characteristics that are quite 
different from conventional light sources, and 
must be understood to be employed properly. 


Examination shows that fluorescent molecules 
behave as isotropic emitters in the plastic me- 
dium ; that is, their flux is emitted over a solid 
360° with even distribution. Thus, at any 
optical interface with a lower refractive index 
than the film, a critical angle is established 
beyond which total internal reflection takes 
place. Reflections will continue to be sustained 
between the two parallel major surfaces until 
a surface is encountered outside the critical 
angle, permitting escape to the outside world 
and the observer. 

After the light is generated within the film, 
the governing physics are the same as those for 
fiber optics, which sustain reflections at the in- 
terface between a high-index core and a low- 
index cladding. In this instance, however, air 
is simply employed as the low-index cladding. 
Normally, optical fibers would suffer severe 
losses and cross-coupling without any solid low- 
index cladding. However, in this instance the 
deliberate omission of a solid cladding is only 
possible because the size range of interest for 
these display elements is generally not finer 
than 30 per linear inch, and depth is usually 
limited to a few inches : this is quite gross for an 
optical fiber. Thus, there can never be any ex- 
tensive optical contact with adjacent structures, 
in comparison to the fiber size, nor will dust or 
handling have any significant effect on total re- 
flection efficiencies. Well-made optical fibers 
exhibit transmission efficiencies of 99.5 percent 
per inch for thousands of sustained internal re- 
flections, so the mechanism is quite efficient. 

If the emission properties of this isotropic 
radiator are compared with a conventional 1am- 
bertian radiator, it is found that an EL lamp, 
for instance, cannot trap any significant amount 
of light within its faceplate, because the face- 
plate is optically immersed in a scattering dif- 
fuse surface (the phosphor itself) which spoils 
any potential internal reflection. This, inci- 
dentally, gives rise to the familiar problem of 
halation, wherein a ray is critically reflected at 
the air interface of the polished faceplate, but 
scattered on the next bounce from the phosphor 
plane. 

Thus, a transparent fluorescent emitter in a 
high-index medium can efficiently trap, or pipe, 
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Figure 2. — Trapping and loss patterns for a point 
source. Isotropic emitter in high-index media, 
bounded by a rectangular parallelepiped. 


light and an EL lamp cannot. One may con- 
clude that a transparent fluorescent body could 
be employed as a radiation pattern converter for 
a lambertian source. A few simple calcula- 
tions will show that for a typical optical grade 
plastic with a refractive index of 1.6, the amount 
of fluorescent flux which naturally escapes 
through each face (that is, outside the critical 
angle for internal reflection) of a rectangular 
parallelepiped bounding the emitter and 
coupled to air, is about 11 percent of the total 
stimulated flux. Thus, 66 percent escapes 
through the six cube faces and 34 percent re- 
mains trapped, reflecting endlessly within the 
bounding space (fig. 2). 

If the internal reflection on any one surface 
is spoiled by diffusing it, typically 70 percent 
of the flux incident on that face will be trans- 
mitted, yielding 0.7 (0.11+0.34) =0.315. If 
any one of these cube surfaces is chosen as a 
viewing area, approximately 10 to 30 percent of 
the total fluorescent flux will be available for 
display use, depending on how the viewing 
screen is finished. 

If the cube is extended in any dimension 
(as shown in fig. 2), the preceding figures still 
apply : 11 percent of the flux will still be emitted 
from each face. Obviously, if the flux per face 
is constant but the face dimension can be 


changed, the flux per unit area, or brightness, is 
a design variable that may now be controlled 
by dimensions. If the isotropic source is viewed 
from the smallest face of a bounding rectan- 
gular parallelepiped, this face will be the 
brightest, and the brightness is completely 
within design control, providing design freedom 
rarely possible. This feature is so unusual that 
it is worth restating in more formal terms. 

Given an isotropic source of constant po-wer 
immersed in a medium of higher refractive in- 
dex than the surrounding space , there is ideally 
no limit to the brightness one can obtain. In 
this extreme, for increasing length and decreas- 
ing exit area, diffraction effects limit the ulti- 
mate brightness. For practical purposes, the 
real design limits encountered are due entirely 
to the familiar, nonideal properties of optical 
materials, that is, bulk absorption and scatter- 
ing in transparent media, optical surface finish, 
and the efficiency of dielectric reflection, etc. 
Some of the properties of isotropic emitters are 
being exploited for real value in ruby laser rods 
and rare-earth doped glass rods, which, how- 
ever, further constrain fluorescent emission to 
an on-axis mode only, via the resonant cavity. 

Design Configurations 

If a transparent substrate is coated with films 
of several different fluorescent compounds (as 
in fig. 3), each particular film will emit at a 
characteristic wavelength in the substrate. If, 
for simplicity, it is assumed that films and sub- 
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strates are matched for refractive index, they 
behave optically as one ; therefore, all radiation 
generated in the surface film is free to transmit 
through the supporting substrate without inter- 
ference. If the films are very thin compared 
with the thickness of the substrate, the greatest 
part of the path length for totally reflected rays 
is through the clear substrate, while only a small 
fraction of the path is through the actual films. 
Therefore, many different wavelengths can be 
efficiently reflected down the length of the sub- 
strate without suffering significant absorption 
in the cladding films, regardless of their trans- 
mission characteristics, as long as they are not 
diffuse. This would not be true if the fluo- 
rescent materials were incorporated in the 
transparent substrate, because each has its own 
characteristic transmission spectrum that would 
severely attenuate other wavelengths. 

The major advantages of employing a fluo- 
rescent film as a radiation pattern converter for 
EL illumination are as follows : 

(1) Design control of brightness is possible, 
independent of source EL brightness 

(2) Control of output wavelength is possible 
by choice of fluorescent materials 

(3) Multiple wavelengths can be obtained as 
an output with high efficiency. 

Because all the fluorescent materials obey 
Stokes’ law by absorbing short- wavelength ra- 
diation, the arrangement shown in figure 3 is de- 
liberate. If the viewing surface is located at the 
right, then the longest wavelength emitter is 
placed to the left so that it will not be absorbed 
to 'any significant degree by shorter wavelength 
emitters, or stimulate fluorescence in them when 
it is activated. For the sake of simplicity in 
the present analysis, it is chosen to allow the 55- 
percent loss of light out of the five nonviewed 
faces. With regard to the light lost from the 
sides of the element, once the ray couples to air, 
by the basic laws of refraction, it cannot be sub- 
sequently trapped in any adjacent element with 
coparallel surfaces and, therefore, contrast is 
not significantly degraded. In certain design 
configurations it is possible to recover some of 
these losses by employing either dielectric re- 
flection from nonparallel surfaces or metallic 


reflection. The present analysis will be confined 
to the simple case. 

A segmented electroluminescent lamp whose 
phosphor emits at some short wavelength is 
placed adjacent to the fluo rescent-clad substrate 
in figure 3. Other types of sources, such as gas- 
discharge elements, can also be employed to 
some advantage, depending on design goals. 
Currently available EL phosphors based on ZnS 
generally will not emit below 4600 A. The 
lamp is segmented to illuminate the individual 
films clad on the substrate, stimulating their 
characteristic fluorescence, which is then viewed 
at the right-hand end of the assembly. Illumi- 
nating more than one lamp results in direct mix- 
ing of the stimulated wavelengths within the 
common channel. As a result, by simply key- 
ing the three lamps on or off, one can generate 
red, green, or blue primaries; yellow, cyan, or 
magenta secondaries; and white. 

Design Features 

Brightness 

As discussed previously, about 30 percent of 
the generated flux will couple to the viewer 
through a diffuse face. Keeping the exit face 
dimensions constant, one can increase the total 
flux in the substrate by increasing the length of 
the free dimension: doubling the length will 
nearly double the brightness. The brightness 
of an EL lamp Bp is generally a function of 
voltage and frequency. The brightness of a 
fluorescent/EL combination Bp is, additionally, 
directly proportional to the area over which the 
film is optically pumped A P , inversely propor- 
tional to the exit area Ap, directly proportional 
to the conversion efficiency K (quantum effi- 
ciency X absorption) , of stimulating light to the 
fluorescent light, and directly proportional to 
the coupling coefficient X through the viewed 
surface to the observer. Then 

Bp=j(v, /, K, X) 

For the materials of interest, K is quite high, 
in the range of 0.5 to 0.8. As we have seen, X 
will range between 10 to 30 percent, depending 
on screen design ; thus 
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for a diffuse screen, in which case the units of 
radiation of the EL lamp and the fluorescent ele- 
ment can be compared directly in foot-lamberts 
(because both are now lambertian). If the 
pump area is the same in length as the exit area 
is in height, then Z?f=0.15 Be. If the pumped 
film is seven times as long as the exit area is high 
(both have the same coextensive width), the 
brightness Bf—B e . Typically, if a display 
element were 0.033 inch high, an element 1 inch 
deep would provide a brightness 4.5 times 
greater than the illuminating EL source (with 
suitable adjustment for any change in sensitivity 
for the output wavelength) . 

Color Balance 

Different fluorescent materials exhibit dif- 
ferent quantum efficiencies, absorption coeffi- 
cients, etc., and, furthermore, their characteris- 
tic emission, depending on wavelength, does not 
stimulate the eye to the same degree. For 
instance, a unit radiant in red will stimulate 
the eye only about 30 percent as much as a unit 
radiant in green. Even if the two films were 
equally efficient, how can they be brought into 
balance on the display face? Because bright- 
ness can be controlled as a design variable, three 
times the area on the substrate is allocated to 
the red film (and its coextensive lamp) as com- 
pared with the green film. 

Contrast 

Ambient .— The design configuration auto- 
matically removes the electroluminescent phos- 
phor from the direct field of view, particularly 
if an expanding substrate is employed (as 
shown in fig. 3), which gives a convenient 
shoulder behind which the lamp and any asso- 
ciated control elements may be concealed. If 
a transparent view surface is chosen rather than 
a diffuse one, there are no other diffusely reflect- 
ing surfaces in the element, and thus contrast 
under ambient lighting is much better than for 
conventional electroluminescent displays. The 
expanded end of the substrate further permits 
the introduction of materials that will absorb 
all or selected portions of the incident ambient 
to avoid the possibility of stimulating fluo- 
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rescence in the element from outside sources, 
without significantly affecting the characteris- 
tics of emitted display light. 

Element to Element . — The mechanism of di- 
electric reflection permits these substrates to be 
stacked extremely close to one another (within 
a few wavelengths of light) if they are not in 
extended optical contact. Any ray so disposed 
as to leave one element will merely transmit 
through the next element at the same entrance/ 
exit and refraction angles, without being 
trapped. Extramural cladding can addition- 
ally be employed, with proper precautions, to 
yield the same contrast/crosstalk benefits avail- 
able to fiber optic bundles. 

Active Display Area 

The expanded substrate end, plus the isola- 
tion provided by dielectric reflection, yields a 
display surface whose active area is consider- 
ably higher than that available for conventional 
EL displays (no interelectrode gaps) . Because 
the element dimensions are large compared with 
normal optical fibers, little space is devoted to 
the low-index cladding of the substrate, which 
may often be just air. 

Color Saturation 

Fortunately, most fluorescent materials emit 
over a narrow spectral range and thus their 
apparent color saturation is high, approaching 
80 to 90 percent more, in most instances. Fig- 
ure 4 shows some of the values that have been 
obtained in multicolor elements in the past on 
a CIE chart. The uppermost point plotted 
represents a green whose saturation level has 
been increased by the addition of a passive fil- 
tering dye. 

Radiation Pattern 

It has already been seen that an isotropic 
radiation pattern permits a specular display 
surface to be employed for high contrast, or 
permits rediffusion of the display surface to 
reestablish lambertian emission. Certain other 
effects can be obtained with isotropic radiation 
that are not possible in a conventional display. 
The substrate end may be capped with a small 
molded lens for certain special effects, or it may 
be cut on a bias in several different fashions, 
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Figure 4. — C.I.E. chromatieity diagram showing multi- 
color primary colors. 
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nonnormal to the other two substrate axes. 
Such a bias cut, which has been dealt with in 
fiber optics literature, will tend to make most of 
the exiting flux bend toward' the tip of the cut, 
thus preferentially controlling the angular dis- 
tribution of light. Changing the substrate de- 
sign to one with converging instead of parallel 
surfaces, stepped surfaces containing parallel or 
nonparallel segments, etc., will also alter the 
flux distribution. Combining special surfaces 
in the substrate in one axis with bias cuts on the 
substrate end in another axis will provide a 
measure of control over both vertical and hori- 
zontal emission distribution. All these results 
may be simply analyzed by ray tracing, reflec- 
tion, and refraction, and will provide design 
options not available in conventional lambertian 
displays. 


Experimental Results 

To date, linear arrays (column indicators) 
0.75 inch wide employing two primary colors 
have been experimentally fabricated at a reso- 
lution of 30 lines per inch. With a 35-ft-L EL 
source and a 4-inch assembly depth, the bright- 
ness obtained was 110 ft-L in the green and 35 
ft-L in the red. More recently, x-y arrays in 
modular form at a resolution of 10 elements per 
inch have been investigated in 2-inch-deep as- 
semblies, yielding an integrated white output 
of 20 ft-L. Investigation is also proceeding 
into x-y displays having 30 elements per inch. 

Certain design compromises must be em- 
ployed to obtain blue as a display primary be- 
cause blue excitation by ZnS of a blue-emitting 
fluorescent agent is not very efficient. Ideally, 
it would be most advantageous to employ a uv- 
emitting EL phosphor, but because they have 
only been observed experimentally, a blue-emit- 
ting phosphor is used, and a diffusely reflecting 
surface is carefully introduced into the element 
at this point. This serves to efficiently couple 
blue emission directly from the lamp into the 
substrate, and if proper design precautions are 
taken, the loss of previously trapped red and 
green light at the new diffuse surface can be 
held to an acceptable level. In such designs, 
blue intensity cannot be increased beyond the r 
intensity of the source lamp, but it can be nearly 
equaled. If a balanced-primary display is de- 
sired, the blue brightness level of present EL 
phosphors becomes the limiting factor. 

Conclusions 

By combining fluorescent stimulation with 
dielectric reflection, true multicolor displays 
can be fabricated, providing brightness levels 
generally superior to conventional electrolu- 
minescent displays at higher intrinsic contrast. 
The design requires modest structural extension 
into the depth dimension to obtain these prop- 
erties. Major benefits are foreseen in the addi- 
tional design options presented, in the degree of 
freedom obtained from EL phosphor bright- 
ness limits, and in the ability to obtain balanced 
primaries with a single phosphor system, thus 
providing a single brightness/life characteristic 
for the entire display. Organizational char- 
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acteristics still permit addressing by all rele- 
vant x-y address techniques, with the addition 
of s-axis modulation for color (or alternatively 
x-3 y for two-axis address) . Structural design 
still permits sufficient space for the addition of 
various control elements to the matrix for con- 
tinuing memory/persistence studies. 
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The engineering- psychologist is concerned with two classes of requirements in the 
development and implementation of display media. The first considers the information 
required by the human operator to perform effectively in a system. The second defines 
the human factors that are important for the effective transfer of this information via 
the display to the human operator. 

Several studies are reviewed and specific visual phenomena are discussed which point 
out some of the limitations of the available data concerning human visual performance and 
the faulty conclusions that can derive from the uncritical use of certain “cookbook” data. 

Some general guidelines are suggested for use by media researchers and display 
designers to assist them in meeting their ultimate goal : the transfer of useful information 
to man in a form that is compatible with his sensory-perceptual capabilities. 


Introduction 

Ten. or fifteen years ago an engineering psy- 
chologist could ‘acquit himself as the guardian 
of the human user, before a group of engineers 
and physical scientists engaged in the develop- 
ment and design of displays, by simply sum- 
marizing and interpreting the available text- 
book material concerned with the traditional 
parameters of visual performance such as 
brightness, contrast, color, and duration as they 
determine display effectiveness. This is no 
longer the case for two reasons : 

1. Today’s research-and-development engi- 
neers working in the field of information display 
are generally more sophisticated concern- 
ing the human factors related to visual perform- 
ance than they were 10 or 15 years ago. 

2. Despite some of the deceptively simple 
relationships described in handbooks and source 
materials, the visual mechanism is an intricate 
system which cannot yet be fully understood in 
terms of the physics and chemistry of the eye- 
ball when stimulated by a complex signal, such 
as we find in most of our advanced display 
concepts. 


The increased sophistication of today’s dis- 
play researchers and engineers in the human 
factors concerned with their ultimate objectives 
is illustrated by the contents of the papers that 
have been presented in this seminar. Although 
this is the only paper scheduled for discussion 
of engineering psychology considerations, the 
human-factors problems attending the use of 
each of the media discussed have been touched 
on in some fashion in the foregoing presenta- 
tions. When we look at the broad spectrum of 
professional backgrounds represented in the 
membership of the Society for Information Dis- 
play and the subject matter dealt with in its 
publication, this should not surprise us. The 
amalgamation of physical, chemical, and be- 
havioral sciences that has been accomplished by 
the Society for Information Display has been 
a significant factor in the integration of engi- 
neering psychology into the basic process of 
designing displays for human use. Poole’s book 
(ref. 1) not only confirms this fact but demon- 
strates that a single author can deal compre- 
hensively and understandably with both the en- 
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gineering and the human factors concerned with 
information display. 

The remainder of this presentation will con- 
sider some of the specific reasons why a simple 
review of the basic principles of the visual 
process no longer satisfies the needs of the de- 
signer of information displays. 

General Considerations 

The general area of concern for the engineer- 
ing psychologist must derive from the require- 
ments of the human user. However, there are 
two kinds of user requirements that must be 
considered, and they stem from different origins. 
The information requirements posed by a spe- 
cific system come from its mission objectives, 
while the human factors requirements derive 
from man’s visual and perceptual capabilities 
in performing specific tasks. 

Information Requirements 

The first three presentations of this sympo- 
sium dealt with the media requirements for a 
select segment of the possible user population; 
for example, aerospace systems. The accepted 
procedure for establishing these requirements is 
to begin with a mission description, which can 
be analyzed into flight phases or functions. 
These phases can then be broken down into op- 
erations or procedures, which imply specific re- 
quirements for information, decisions, and 
activities on the part of the human operator in 
the total system operation in the accomplish- 
ment of its mission. The engineering psycholo- 
gist should be an integral member of the team 
which prepares this set of requirements. Given 
the responsibility and authority, he would pre- 
pare a document often referred to as an opera- 
tional sequence diagram (OSD), which is a 
form of flowchart of man-related activities, over 
time. The OSD is a tool that first organizes the 
analyst’s thinking, much the same as a PERT 
Chart might do for the production manager, and 
thus provides him with a systematic method for 
understanding and describing the details of sys- 
tem operation. Second, if carefully done, the 
OSD assists significantly in specifying the re- 
quirements for information displays and, 
equally importantly perhaps, the constraints 


and conditions under which they must be used. 

Engineers often rely on a simple inquiry of 
the operational user concerning his need for in- 
formation, or they rely totally on their own in- 
sights concerning requirements for display. 
Engineering psychologists have found that the 
first alternative can be quite frustrating and 
often misleading. Operational people often 
find it very difficult to express their needs in 
terms of the basic elements of information. 
Pilots, for instance, often cannot tell us directly 
what information they need in order to fly. 
Rather, they will resort to answers such as “a 
better altimeter,” or “a more sensitive gyro 
horizon.” Unwittingly, such responses may 
constrain and even mislead the display designer 
into making an “improved” version of what is 
already there, rather than encouraging him to 
look at the problem of keeping the pilot in- 
formed of his position and motion relative to 
three-dimensional space. 

On the other hand, the engineer who is cre- 
ating or working on a system may feel that he 
has sufficient understanding of a system opera- 
tion to set the requirements, and perhaps even 
design the displays necessary for the human op- 
erators to perform their functions. This ap- 
proach can also lead to faulty design decisions, 
for at least two diametrically opposite reasons. 
First, unless the engineer goes through a rigor- 
ous analysis such as that typified by the OSD 
mentioned above, or has performance experi- 
ence of the kind ultimately required of the op- 
erators (in the total operational situation) , it is 
almost impossible for him to anticipate the con- 
ditions which ultimately will prevail. On the 
other hand, suppose the engineer is qualified to 
make the judgments concerning the conditions 
under which the system operators will perform 
and thus can establish the “logical” needs for 
information display. He will then implement 
these display requirements based on this same 
supersophistication concerning his system. As 
a result, there is an exceedingly good chance 
that the poor operator, without his background 
and perhaps with a much lower native intelli- 
gence, will still be shortchanged. 

There are many examples of the first kind of 
problem in military aircraft instrumentation 
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tocUfy. Many have experienced the results of 
the latter situation : because of unfamiliar 
equipment you were at a loss to interpret the 
readouts, but if you were as familiar with it as 
the man who designed it, the displays might 
have been adequate. 

Human Factors 

The second set of user requirements of con- 
cern to the engineering psychologist are the 
human factors, which deal with the interface 
between the man and the display, and there- 
fore directly involve the media and techniques 
that are used. After the detailed requirements 
for information have been stated by the user, 
whether they be derived by analytical tech- 
niques, such as the one suggested above, or by 
arbitrary decision, the display designer must 
decide how best to provide them within the state 
of the art of the media he has at his disposal. 
If he is unable to satisfy the requirements with 
the media and techniques available, he must do 
his best through research and development to 
upgrade the state of the art, or he must make 
tradeoffs among the possible characteristics of 
his display concept and the stated needs for in- 
formation. Regardless of the alternative he 
chooses, he should be constantly aware of the 
implications of his design decisions for the ulti- 
mate human user. 

The following considerations should be im- 
plicit in the design decisions required in the 
development of a display concept, regardless of 
the medium used for its implementation. 

(1) A valid statement of information re- 
quirements should be established by or for the 
user, including specifications for data rate, 
legibility, format, coding, etc. 

(2) These information requirements should 
be translated into appropriate values for the 
parameters which define the media or tech- 
niques available to the designer for implemen- 
tation. 

(3) The values of these parameters available 
to carry the required information should be 
assessed against the visual capabilities of the 
human operator to determine how well his in- 
formation needs are met by the medium and/or 
techniques available. 


(4) Where shortcomings are apparent, opti- 
mum tradeoffs or compromises should be made 
to provide the best overall solution to the infor- 
mation deficit, and research and development 
efforts should be undertaken to satisfy the spe- 
cific requirements still unsatisfied. 

These four statements are obvious oversimpli- 
fications of the problem. It is not a simple task 
to obtain firm and valid information require- 
ments. It is much easier for the user to simply 
ask for “everything.” Silver and Cruikshank 
(ref. 2) have pointed out that the tendency is 
to ask for whatever the state of the art will give 
rather than what is actually needed. They cite 
the frequent requirement for fast data rates, 
when no objective requirement appears to exist. 
Their example is a good one, because in com- 
puter-generated systems, as in any other, ex- 
cessively high data rates will create penalties 
in other aspects of the display output. The 
point to be made is that conservatism, if not 
austerity, should be encouraged in those re- 
sponsible for stating the information require- 
ments. Caution at the outset may result in less 
chance of dissatisfaction with the final product. 

In addition to a simple statement of the re- 
quirements, a description of the conditions of use 
should be obtained. Display engineers are suffi- 
ciently sophisticated these days to ask the user 
what the ambient light level will be in the area 
surrounding a display that he has been asked 
to design. What he may neglect to find out is 
the kind of light that will be provided. A 
CRT or electroluminescent display with a re- 
fresh rate of 50 cycles would, under most con- 
ditions, be sufficiently above the critical flicker 
frequency (OFF) to preclude the appearance 
of flicker. If the display is installed in a room 
lighted by a single 60-cycle fluorescent lamp, we 
might find that the interaction of the two fre- 
quencies produces a visual beat that is well 
below the flicker threshold and can prove to be 
quite annoying. Often such problems can be 
solved simply if they are anticipated. 

When we consider the next step of converting 
the information requirements into values of the 
parameters that define our display concept, 
another problem may arise. Because any useful 
display system ultimately will be produced in 
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Figure 1. — Brightness measurements made at six loca- 
tions on a commercially available CRT with a P-7A 
phosphor. Values represent average of 12 measures 
taken at each point (in ft-L) : A=11.40, R=9.10, 
0=8.85, 5=10.80, 5=7.60, 5=7.00. 

quantity, the media and materials used in their 
implementation will be fabricated by some pro- 
duction process. When we define the capabil- 
ities of a display in terms of manufacturers’ 
specifications for a particular phosphor, pig- 
ment, or filter, we must consider what happens 
in the real world of manufacture. In the study 
described later, Tumage (ref. 3) found that the 
P-28 phosphor on a CRT he planned to use for 
experimentation deviated so much from the 
manufacturer’s specifications that he could not 
use it. In a study currently being conducted 
for the Navy by Dunlap & Associates, Inc., a 
commercially available oscilloscope was to be 
used as a display for some visual performance 
measures on a simulated sonar problem. A 
circular sweep was generated at 628 rad/sec and 
maintained at a constant bias voltage (diameter 
of the circle was 10.3 centimeters and sweep 
width was 0.56 millimeter) . Twelve brightness 
measurements were made at each of six locations 
around the circumference of the sweep, as shown 
in figure 1. 

The average values for the 12 readings in foot- 
lamberts for each measurement point are also 


shown. As you can see from these data?, at 
one point on the circle the brightness of the 
scope face varied more than 50 percent of the 
smallest value obtained, and generally proved 
to be quite variable over the circumference. 
This is a significant difference under any cir- 
cumstance, but it is especially critical when we 
attempt to obtain threshold measurements. If 
we intend to measure or predict visual' perform- 
ance using a display such as this, we should not 
assume that the output over the display surface 
is homogeneous. However, once the output 
characteristics of a particular medium or tech- 
nique can be defined and its reliability can be 
specified, the ability of a display to transmit 
information to the man in a useful form de- 
pends on the capability, limitations, and idio- 
syncrasies of his visual mechanism. 

The Visual Mechanism 

Man’s ability to detect visual signals is suffi- 
ciently understood in terms of the optical, pho- 
tochemical, and neural events that occur within 
the eye itself. At this level we can explain his 
ability to detect electromagnetic energy that is 
within the visible spectrum and at sufficient ab- 
solute or differential intensities. Furthermore, 
the principles that apply to the basic visual dis- 
criminatory processes for relatively simple sig- 
nals (that is, varying in a single dimension) 
are well documented and are available to the 
display designer (refs. 4 to 7) . However, when 
we attempt to predict reliably an observer’s re- 
sponse to the complex signals resulting from 
the majority of the media or techniques de- 
scribed in the preceding papers, we find that 
we quite frequently do not have the data to 
provide the answer. What can be even worse 
is that uncritical use of published data, espe- 
cially that found in some of the more popular 
handbooks, can be seriously misleading when 
directly applied. 

An example of this latter problem can be 
found in the faulty interpretation of some work 
conducted by Bartlett and Williams (ref. 8), 
and summarized in a later report by Williams 
(ref. 9). They were interested in determining 
the effect of image (target) size on visibility 
using a PPI presentation. In their study they 
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Figure 2. — Change in visibility for 6rinch viewing dis- 
tance vs. 24 inches as standard for two brightness 
levels. 


used a TBP7 CRT with a viewing surface of 
approximately 6 inches in diameter. One of 
their methods for varying target size was to 
change the operator’s viewing distance. They 
used two distances : 6 inches and 24 inches, and 
two variations in conditions of presentation; 
that is, low-high background brightness, and 
noise-no noise. A graphic summary of the re- 
sults they obtained is shown in figure 2. The 
zero point on the graph represents the visibility 
obtained at 24 inches as a standard for two 
brightness levels. 

These data show an increase in visibility of 
targets for the 6-inch viewing distance, regard- 
less of background brightness when there is no 
noise. There is still an advantage to the 6-inch 
viewing distance under dim conditions, but there 
appears to be a small, though insignificant, dif- 
ference in favor of the larger distance, under 
bright conditions, with noise. The authors 
themselves used considerable caution in inter- 
preting their data, and carefully pointed out 
the limiting conditions used in this experiment. 
However, for several years a 6-inch viewing 
distance for CRT’s was preferred, regardless of 
size, utilization, or viewing conditions, based on 
the results of this research. This interpreta- 
tion of the data completely neglects the purpose 
of the study and the severe limitations in the 


data resulting from the conditions that were 
used. Because a fixed scope and target size 
were used, it is not surprising that viewing dis- 
tance is directly related to visibility. With 
only two viewing distances so widely separated, 
we might, rather, be surprised that the superi- 
ority of the shorter distance was not more 
clearly demonstrated. However, there is little 
basis for applying the results obtained from 
these experiments to situations involving larger 
scopes, especially when target detection, not 
simple visibility, is the criterion. Where search 
is required, we can be sure that there is an opti- 
mum viewing distance related to scope size, par- 
tially unrelated to the size or brightness of 
targets. Furthermore, even though small, the 
reversal obtained with noise present on the scope 
should have been a warning to anyone attempt- 
ing to apply such laboratory data to the opera- 
tional situation, where noise is most frequently 
an integral part of the display output. 

A brief review of several of the less well 
understood visual phenomena and some recent 
research studies will provide examples of areas 
where definitive data are still scarce and where 
the direct application of basic visual perform- 
ance might result in faulty design decisions. 

Flicker 

When we consider that much of the basic data 
concerned with the human response to intermit- 
tent light or flicker derive directly from experi- 
ments begun by Helmholtz over 100 years ago, 
we must use care in the extrapolations we make 
to present and future display media. He used 
a rotating disk with black and white sectors as 
a stimulus, and bright sunlight versus bright 
moonlight as his experimental conditions, and 
determined that the critical frequency of inter- 
mittent stimulation for the human eye reached 
approximately 50 to 55 Hz at higher bright- 
nesses, and might be as low as 5 cycles at very 
low light levels. 

Of course, research into the problem of man’s 
response to flickering light did not cease with 
the investigations of Helmholtz and the early 
psychophysicists. Much has been done experi- 
mentally to quantify the relationships between 
man’s OFF and the intensity, spatial, and tern- 
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poral parameters of the signal (ref. 10) . How- 
ever, Turnage (ref. 3) points out the shortcom- 
ings of the published data for CRT application 
and emphasizes the importance of phosphor 
persistence in establishing CFF for cathode-ray 
tubes. In order to relate the effects of phosphor 
persistence on CFF, he ranked six phosphors for 
the amount of residual light output after 33 
milliseconds, as listed below, rather than by the 
conventional methods of specifying time of de- 
cay to 10 percent of peak output. 


Phosphor : Residual, % 

P-28 ° 85 

P-12 70 

P-7 (yellow component) 45 

P-1 4. 0 

P-4 (silicate) 1.3 

P-20 .1 


a Not used in experiments. 

The subjects varied the refresh rate of a spot 
% 2 inch in diameter at six comparable bright- 
ness levels for each of the phosphors in question. 
They were asked to report when flicker ap- 
peared while reducing the rate, and when it dis- 
appeared in the other direction, using a modified 
method-of-limits technique. Except for the 
P-28 phosphor, which proved not to have the 
decay characteristics specified for it, Turnage 
obtained a direct and consistent relationship be- 
tween persistence and the flicker fusion fre- 
quency (as determined by accurate published 
persistence curves) with the lowest frequency 
required for fusion with the longest persistence 
phosphor. The CFF for all phosphors was 
found to be lower than the values obtained by 
standard techniques (averaging 33 Hz at 10 ft-L 
and about 44 Hz at 100 ft-L) 4 

Anyone familiar with the functions of the 
visual mechanism should not be surprised by the 
results obtained by Turnage. Because the eye 
is known to integrate light energy over time, 
it is logical that with a given refresh rate, longer 
persistent signals will tend to lose their individ- 
ual identities at lower frequencies. However, 
in addition to other quantitative relationships 
pointed out by Turnage, this study is important 
because it illustrates the difference between the 


1 Author’s estimates from published data. 


data that are directly applicable by the display 
designer and the data he might find available in 
basic source material dealing with visual flicker 
phenomena. 

Apparent Movement 

The appearance of motion in the visual field, 
without objective movement of the visual stimu- 
lus, occurs under selected circumstances. 

Autokinesis 

Autokinetic movement describes that appar- 
ent motion of a stationary bright object viewed 
in darkness. It can be explained by tremor and 
drift of the eye which occurs normally, but is 
more prevalent when one looks at a totally un- 
structured field. Without fixation points to 
direct his orientation, these involuntary eye 
movements will occur unrecognized by the ob- 
server. As a result of its changing location on 
the retina, the image of a fixed object under 
these conditions appears to move. Eye tremor 
is a small, rapid oscillation of the eye ; its fre- 
quency is approximately 140 Hz, and its ampli- 
tude about 3 minutes of visual arc. Drift 
normally reaches approximately 15 minutes of 
arc displacement from a fixation point before 
it is corrected. This occurs every 1 or 2 seconds 
in time and requires approximately 50 micro- 
seconds to complete. Knowledge of this phe- 
nomenon is of little positive use in the design of 
displays because of its transitory and unpredict- 
able nature. It may, however, pose 'problems 
for display under darkened conditions. Large- 
area displays viewed under very low ambient 
conditions should contain some light distributed 
over the total display surface to minimize the 
chances for such autokinetic movement to occur. 
This will permit the eye to minimize drift or 
oscillations and thus stabilize any fixated image. 

Phi-Phenomenon 

The phi-phenomenon is probably the most 
familiar example of apparent motion to anyone 
concerned with displays — first, because one can- 
not work long in the field without encountering 
its effects and, second, because its causes and 
effects are sufficiently understood to be employed 
as a controllable information element in dis- 
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play. '' With the proper temporal intensity and 
spatial relationships between two sequentially 
activated stationary points, movement difficult 
to discern from real motion can be induced in 
the visual field. V ariations on this phenomenon 
have been used to create a variety of displays 
presenting apparently moving signals, yet con- 
taining no moving elements on the display 
surface (or in the signal source). Electrolu- 
minescents have proved to be exceptionally 
satisfactory for this type of display, and are 
currently being employed using this principle 
for prototype aircraft instrumentation. 

Jump Phenomenon 

Stationary signals may appear to more on 
CRT’s that use short-persistence phosphors. In 
a study for NASA reported by Bowen and 
Guinness (ref. 11), it was found that alpha- 
numerics displayed on a CRT using a P-31 
phosphor appeared to “jump” or “dance” under 
certain conditions. The user agency and its 
contractor had noted the phenomenon and had 
initially attributed it to instabilities in the 
equipment. Investigation showed, however, 
that the major cause of the phenomenon was due 
to the interaction of the observer’s eye with 
certain temporal aspects of the display. 

Briefly, their findings were as follows: using 
varied alphanumeric formats displayed on a 
P-31 phosphor (which decays to 10 percent of 
peak brightness in approximately 40 microsec- 
onds) at refresh rates varying from 20 to 50 Hz, 
two basically different types of induced motion 
were observed : the “jump” and the “shift” phe- 
nomena. 

The shift phenomenon is of lesser consequence 
because of its instability and relatively small 
amplitude, and thus has not been investigated 
sufficiently to draw any firm conclusions con- 
cerning its influence on operator performance. 
It was found that some observers detected small 
shifts between the upper and lower halves of 
the display format, which appeared random 
in nature, although they most frequently ap- 
peared to be lateral displacements. The au- 
thors attributed them to the same kinds of in- 
voluntary eye movements noted above; that is, 
tremor and drift. Because of their small am- 


plitude and their transitory nature, they would 
probably produce only minor annoyances for 
some operators, under special conditions. 

The jump phenomenon, on the other hand, 
was found to be both consistent and compelling 
under the conditions investigated in this study. 
Symbol formats displayed on the CRT ap- 
peared to jump rapidly in the direction opposite 
to the motion of the eye when a viewer shifted 
his fixation across the screen. Where only one 
symbol, or a small group of symbols, was dis- 
played, movement appeared to be a simple jump 
from the objective position and return after a 
very short time interval. At times, a symbol was 
seen repetitively during the jump, giving the 
appearance of a stream of replications. 

When the display contained a more compli- 
cated format of lines of symbols, the phenom- 
enon became perceptually more complex. The 
format structure appeared to interfere with the 
apparent jump, resulting in movement of parts 
of the display while other parts seemed to re- 
main fixed. 

The explanation for the apparent movement 
described as the “jump” phenomenon derives 
from two characteristics of the visual mecha- 
nism. The first, noted previously in discussing 
the phi-phenomenon, is the ability of the ob- 
server to perceive motion When two separate 
areas of the retina are stimulated in the proper 
space-time-intensity relationship. The second 
is the nature of the movement imparted to the 
eyeball when an observer is scanning the visual 
field without tracking a moving fixation point. 

When the eye follows a moving target, its 
motion is smooth and continuous, closely fol- 
lowing the actual motion of the target. How- 
ever, in free scanning, even in a structured field, 
the eye moves in a series of abrupt (saccadic) 
steps from one fixation point to another. For 
instance, eye-movement studies have Shown the 
kind of motion illustrated in figure 3 for an 
observer attempting to trace the circumference 
of a circle. 

The nature of the jump phenomenon suggests 
that it results from the stroboscopic effect of 
successive light pulses striking different loca- 
tions on the retina of the rotating eyeball. 
Furthermore, because the jump appears to be 
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Figure 3. — Recorded eye movements of an observer 
“sweeping” the eyes around the circumference of a 
circle. 


opposite in direction to the true motion of the 
eye, it would appear to be directly associated 
with its saccadic movements. In confirmation 
of this interpretation, it was found that the 
jump is more pronounced when saccadic move- 
ments are made over larger angles. It has been 
shown that peak angular velocities vary with 
the size of the angle of saccadic movement 
(from 320° per second for 15° shifts to 720° 
per second for 90° shifts) . Therefore, it is to 
be expected that the amplitude of perceived 
jump should correlate with the angular trans- 
lation of the eye between successive pulses. 

To accept the interpretation of the jump phe- 
nomenon submitted by the authors, it is neces- 
sary for the eye to see while in motion. An 
uncritical review of the literature suggests that 
the eye is blind during saccadic movements. 
This has been used to explain why we do not ex- 
perience blur between fixations while scanning. 
However, the fact is that the eye does see during 
a saccadic shift, but not very efficiently. This 
means that the brightness threshold would be 
significantly higher during a saccadic shift than 
when the eye is at rest and, therefore, suggests 
that the jump phenomenon would be more com- 
pelling with a bright signal and when the 
signal-to-background contrast is high. 

A second study by the same researchers (ref. 
12) was conducted in an attempt to verify the 


conclusions of the original study and to obtain 
quantitative data defining the threshold condi- 
tions necessary to produce movement in response 
to pulsed light. 

Different experimental conditions were used 
to permit variations in pulse characteristics and 
PRF, but image size, ambient brightness, and 
the visual tasks requiring eye movements were 
analogous to what might be expected in an 
operational situation. 

A light pulse produced by a flash tube had 
essentially the same shape and duration as the 
P-31 phosphor used in the first experiment, but 
its amplitude was controllable to change bright- 
ness. Refresh rates of 30, 40, 60, 80, and 100 Hz 
were used. Although limitations in the experi- 
ment preclude precise plotting of the relation- 
ship of the jump phenomenon to brightness 
and/or PRF, it was clearly demonstrated that 
the likelihood of “jump” did increase with the 
brightness of a single pulse to a 50-percent 
threshold at 'about 15 000 ft-L, as shown in fig- 
ure 4. Although a slight tendency for the 
threshold to decrease with increasing PRF can 
be seen in the curve, there is no statistical sig- 
nificance in the differences obtained with the 
frequencies studied. 

These data clearly demonstrate that the phe- 
nomenon occurs considerably above the CFF for 
these conditions (less than 50 Hz), and there- 
fore suggests the independence of “jump” from 



Figure 4. — Threshold for the presence of jump as a 
function of brightness of pulse. 
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any possible dependence on flicker in the tradi- 
tional sense, as a determinant. 

Whatever the theoretical implications of the 
jump phenomenon are for the field of visual per- 
ception, its presence under the proper mix of 
brightness, persistence and refresh rate has been 
established. Although we currently have in- 
sufficient data to define its influence on the 
accuracy, speed, or duration of operator per- 
formance, we can, at the very least, expect it to 
create annoyance and distraction when it occurs. 
Therefore, its likelihood should be minimized 
by proper design precautions. 

These two studies described, together with the 
brief review of some of the less frequently dis- 
cussed visual phenomena, are not intended as a 
survey of the unique or unsolved problems 
facing the engineering psychologist or the dis- 
play designer. The goal has been to point out 
some rather clear-cut areas where familiarity 
with, or access to, some of the traditional sources 
of information dealing with human vision may 
fail to provide the display designer with the 
information he needs in a usable form. There 
are still many problems in the field of informa- 
tion display requiring the serious consideration 
of a qualified engineering phychologist. 

Where the data are available, but do not ex- 
plicitly answer the question in mind, back- 
ground and experience may be the key to a 
proper interpretation. Where the data are un- 
available, background and training provide the 
display designer with the proper tools to design 
definitive experiments for the development of 
the required data. However, he cannot perform 
either of these functions effectively without the 
close cooperation of the user, who should be re- 
sponsible for an objective statement of the re- 
quirements, and the engineer-scientist, who has 
the responsibility of translating these require- 
ments into the capabilities of selected media and 
techniques reflecting the state of the art. 

Conclusions 

The comments and discussion presented in 
this paper have not attempted to provide a de- 
finitive survey of the human-factors consider- 
ations that must be made in the use of advanced 
display media. Eather, they are intended to 
reaffirm the need for serious and continued con- 


cern on the part of engineer-scientists respon- 
sible for the development and implementation 
of these media for the ultimate human user. 

The researcher should be sensitive to the fact 
that the human eye is a complex mechanism 
employing optical, photochemical, and neuro- 
electrical media in its functioning. It, there- 
fore, can be expected to behave in reasonable ap- 
proximation to the laws that apply to these 
media in its basic sensory response to simple 
signals. However, when the signal is complex 
(or its dimensions are not clearly understood) , 
he must be cautious in his assumptions concern- 
ing the critical parameters for seeing and, 
therefore, the data that apply to his problem. 
He should also be aware that, when more com- 
plex tasks, involving recognition, interpreta- 
tion, etc., are required by the operator, he is no 
longer dealing with simple sensory processes 
and, therefore, must concern himself with phe- 
nomena for which the data may not be available 
in sources dealing solely with “vision.” 

In conclusion, there are several considera- 
tions that might assist those responsible for dis- 
play research and development in organizing 
their efforts toward the ultimate goal of 'pro- 
viding useful information to man in a form 
compatible with his sensory perceptual capa- 
bilities. The first group is most appropriate to 
the researcher in the field of media development. 

(1) Conceptualize the ultimate use, or uses, of 
the medium being investigated. This analysis 
should provide a spectrum of human visual re- 
quirements that can be used as guidelines in 
development, thus preventing “shotgun” in- 
vestigations based on a fascination with the 
properties of the medium rather than its ability 
to meet the needs for display. 

(2) Define the properties of the medium 
carefully, including the range (s) of output 
characteristics, and their stability for the con- 
ditions under which they might be used. 

(3) Eelate these properties to the known 
characteristics of the visual process to see how 
they can best provide a useful signal, and in 
what directions medium improvement will bet- 
ter satisfy the visual requirements. 

(4) Eemember that the visual mechanism is 
itself a very complex medium, over which we 
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have very limited control, and the degree to 
which its capabilities and limitations are satis- 
fied is the ultimate criterion of effectiveness 
for the medium that represents the display 
interface. 

In addition to these considerations pertinent 
to the media researcher, the following guide- 
lines should assist the display designer in meet- 
ing the specific information and human- factors 
requirements for a specific display concept. 

(1) Establish objective user information re- 
quirements for the display, keeping in mind the 
tendency to overstate the needs to match or ex- 
ceed the state of the art. 

(2) Convert these requirements into signal 


parameters necessary to carry the information. 

(3) Determine the procedural and ambient 
conditions under which the display will be used, 
considering time constraints, lighting, etc. 

(4) Relate the information needs (signal 
parameters) to the characteristics of the media 
available for implementation, and assess their 
relative effectiveness for display under the con- 
ditions specified. 

(5) Implement design decisions for bread- 
board or prototype testing to determine any un- 
anticipated idiosyncrasies arising from the rniy 
of media, technique, and format, using human 
operators to perform realistic tasks with the dis- 
play as the criterion. 


References 


1. Poole, H. H. : Fundamentals of Display Systems. 

Macmillan & Oo., 1966. 

2. Silver, C. ; and Cruikshank, Lt. Col. R. : The 

Faster the Better? 6th National Symposium on 
Information Display, New York, N.Y., Sept. 1965, 
pp. 81-84. 

3. Turnage, R. E., Jr. : The Perception of Flicker in 

Cathode Ray Tube Displays. Information Dis- 
play, May/June 1966, pp. 38-52. 

4. Baker, C. A., ed. : Visual Capabilities in the Space 

Environment. Pergamon Press, 1965. 

5. Baker, C. H. : Man and Radar Displays. Perga- 

mon Press, 1962. 

6. Morgan, O. T., et al., eds. : Human Engineering 

Guide to Equipment Design. McGraw-Hill Book 
Oo., Inc., New York, N.Y., 1963. 

7. Wulfeck, J. W., et al. : Vision in Military Avia- 

tion. WADC Technical Report 58-399. Wright 
Air Development Center, Wright-Fatterson Air 
Force Base, Ohio, Nov. 1958. 


8. Bartlett, N. R. ; and Williams, S. B. : Signal 

Mark Size and Visibility of Radar Signals on a 
Plan Position Indicator. Rept. No. 1661-30, Sys- 
tems Research Laboratory, The Johns Hopkins 
University, Sept. 20, 1947. 

9. Williams, S. B. : Visibility on Radar Scopes. Rept. 

no. 166-1-82, Inst, for Cooperative Research, The 
Johns Hopkins University, Feb. 15, 1949. 

10. Landis, O. : An Annotated Bibliography of Flicker 

Fusion Phenomena. Publ. by Armed Forces- 
National Research Council Vision Committee 
Secretariat, June 1953. 

11. Bowen, H. M. ; and Guinness, G. V. : Apparent 

Movement Phenomena on CRT Displays. Rept 
no. 510-TM-2 ( DRD-64-131 ) , NASA Contract no. 
NASW-954, Oct. 1964. 

12. Bowen, H. M., et al. : Apparent Movement Phe- 

nomena on CRT Displays: Threshold Determi- 
nations of Apparent Movements of Pulsed Light 
Sources. NASA CR-342, Dec. 1965. 



? ^ 6 8 * .2 2 8 j y 

DISPLAY MEDIA: SUMMARY, INTERPOLATIONS, AND 

EXTRAPOLATIONS 


George Kovatch and Edwin H. Hidborn 
Electronics Research Center , NASA , Cambridge, Mass. 


Introduction 

Modern aerospace vehicles are placing new 
requirements on visual display media for the 
presentation of information to the pilot or astro- 
naut. Conventional multi-instrument displays 
with their numerous moving dials, tapes, and 
indicators no longer have the potential for ad- 
vanced applications either in terms of reliabil- 
ity, available panel space, or the selective 
presentation of the information required for a 
given mission phase. The advent of the modem 
aerospace computer has opened up avenues for 
information display never before thought pos- 
sible. In turn, computers have placed a require- 
ment for new display media and have required 
software programing specialists to develop ef- 
fective means for transferring information from 
the computer to the display. Another major 
component of the system is, of course, man. 
His role is expected to become that of decision- 
maker, or manager of the system, rather than 
as an active component in the control loop. To 
design the best display system, an interdis- 
ciplinary group of engineers and psychologists, 
who can understand man and his capabilities, 
is required. Hence, for complete display sys- 
tem design, attention to all three tnajor com- 
ponents — man, computer, and display — is 
essential. 

This paper emphasizes the display portion of 
the system, and mainly visual displays, although 
other types such as auditory displays may be 
important to the final design. It attempts to 
summarize the requirements placed on display 
media by future high-performance vehicles and 


also reviews briefly some current developments. 
Finally, it extrapolates from these advanced de- 
velopments and attempts to predict how they 
will fit into future display systems. The com- 
ments are the opinions of the authors and do 
not reflect any official NASA position. 

Display Requirements 
Advanced Space Vehicles 

A comparison of the state of the art in space- 
craft display for the Apollo vehicle and the 
desired parameters for advanced manned oper- 
ation shows that weight, volume, power, and 
lifetime requirements must be improved. In the 
Apollo command module the display system ac- 
counts for approximately 311 pounds. It is 
desired to reduce this to approximately 100 
pounds, or a reduction of 66 percent. The same 
reduction factor is desired for the lunar module 
display system which currently weighs 151 
pounds. Concurrent with the reduction in 
weight is a need for reduction in volume by a 
factor of about one-third. A power reduction 
from 128 watts to approximately 50 watts is 
also sought. 

There are approximately 400 different dis- 
play functions in the Apollo vehicle, 350 of 
which are on display simultaneously. For 
future spacecraft display systems, the same 
number of functions will be required, but 
it will be desirable to display simultaneously 
no more than 150 of these. Herein lies 
the interest in developing multiformat dis- 
plays; that is, to use the same basic dis- 
play for many functions. This can be achieved 
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by calling the information out of the computer 
when required for a particular phase of the 
mission. In Apollo, certain instruments are 
used for only 10 minutes during an entire mis- 
sion. If this same information could be dis- 
played by calling it out of the computer during 
this 10-minute period, a separate display in- 
strument would not be required. This would 
result in a reduction in power, space, and weight. 
Certain future displays will also require longer 
lifetimes. Typically, of the media suitable for 
use with a computer, those which have reached 
a stage of development such that they are es- 
sentially off-the-shelf items have useful life- 
times of 1000 to, at most, several thousand hours. 
For advanced space missions, displays with a 
reliability extending to several years will be 
required, if the desired mission objectives are 
to be accomplished. 

Advanced Aeronautical Vehicles 

Future high-performance aeronautical vehi- 
cles, such as the supersonic transport and verti- 
cal takeoff and landing aircraft, impose new 
contraints on display media. The supersonic 
transport will place new demands on the pilot 
in his role as systems manager. In this re- 
gard, he must be presented a variety of infor- 
mation in a form that he can readily interpret 
in making decisions which affect vehicle per- 
formance. In order to perform these func- 
tions, he must depend on a large-capacity, digi- 
tal computing and storage system which can 
process data into appropriate forms. Interfac- 
ing hardware and software that will convert 
the basic data into a desired form for display 
will be needed. Finally, advanced display 
media will be required to supply an interface 
between the human operator on one side and the 
driving hardware on the other. 

Computer-driven CRT’s may offer the great- 
est range of flexibility for handling this display 
function. In commercial aircraft, power and 
weight constraints are not as stringent as they 
are in spacecraft; therefore, the physical bulk 
inherent in a CRT is tolerable. Ruggedized 
CRT’s for airborne use can already be built. A 
redundant gun can be utilized in the design to 
offset possible catastrophic filament failure. 


Phosphor lifetime of the CRT is predictable, 
and preventive maintenance thus can be sched- 
uled easily. The CRT offers other reliability 
advantages because of the small number of con- 
nections needed to drive it, and it is flexible in 
that either analog or digital deflection is possi- 
ble. Improvements and simplifications in color 
CRT’s will offer even wider potential for air- 
craft system applications. Finally, the mod- 
erate cost of a CRT is compatible with the large 
numbers required for multiple vehicles. 

It is expected that multiformat displays will 
be necessary in supersonic aircraft. These will 
reduce considerably the numerous dials and in- 
dicators currently needed in large aircraft. 
The computer will be called upon to process in- 
formation in pictorial or symbolic form and to 
transfer it to the display. This will include the 
presentation of status information and the pres- 
entation of flight profiles and trajectories. 
The latter will be required for both nominal 
planned mission profiles and for presentation of 
alternative flight profiles to handle unexpected 
occurrences while en route. Much of the flight 
will be handled automatically by the computer. 
The pilot will monitor the system and will take 
over the operation only when required. Hence, 
he must be presented information about the 
status of the flight continuously so that he can 
make prudent decisions about automatic, man- 
ual, or split-axis control. 

The vertical or short takeoff and landing ve- 
hicle (V/STOL) offers additional new chal- 
lenges to display system designers because of the 
peculiar flight regime in. which it flies. This 
includes near- vertical landing, hopefully under 
all-weather conditions. The pilot, therefore, 
must essentially control with two different types 
of controls: aerodynamic control for horizon- 
tal flight, and direct, or deflected, lift for verti- 
cal flight. Therefore, the pilot needs appro- 
priate information for these phases to make the 
proper decisions and to insert the appropiiate 
commands into the system. There is a need for 
him to assimilate information both from instru- 
ments and from the outside world in order to 
orient himself and the vehicle and to keep in- 
formed about the status of the various control 
subsystems. F or this we see again a strong role 
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for an onboard computer to process data and to 
present them to the pilot in symbolic or pictorial 
form. In addition, we expect to see a need for 
“head-up” displays. Through these he can 
combine outside world information with elec- 
tronically generated information. The over- 
all display system might include a computer- 
driven CRT and an optical projection system, 
which transfers information to the windshield. 

Our third area of interest is that of displays 
for general aviation. There is a need here for 
instrumentation which will allow operation by 
visual flight rules (VFR) trained pilots. Im- 
proved sensors and displays for general aviation 
vehicles should enjoy high reliability and, of 
course, low cost, commensurate with the cost of 
the vehicle itself. The general utilization of 
high-capacity computer equipment on board 
these vehicles immediately puts it beyond the 
apparent cost limitations of general aviation 
vehicles. We could not afford a computer and 
display system for an aircraft that costs as much 
as the aircraft itself. Therefore, we must em- 
phasize display media that can be readily inter- 
preted by the pilot, but with low-cost potential, 
and display media that require a minimal 
amount of onboard computer capability. One 
might expect to see a large ground-based, time- 
shared computer to satisfy computational re- 
quirements, the results of which are then trans- 
mitted to low-cost terminals in the cockpit of the 
small aircraft. Fluidic or magnetic displays 
may prove of value here because the amount of 
information requiring display in these relatively 
simple vehicles is much less than that which is 
required in large commercial aircraft and, 
hence, an economical system might be devised. 

These improvements are required not only 
for the safety of the small plane operator, 
but also to improve commercial aircraft safety 
in our increasingly crowded airways. 

Future Trends 

To generalize now about future trends in ad- 
vanced display media, the following potential 
paths are expected. First, a greater emphasis 
on computer-driven displays will be seen on- 
board advanced aerospace vehicles. For air- 
craft, it appears that the CET will find increas- 
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ing levels of acceptance because it offers a 
general multiformat display that can be com- 
puter driven and changed through software 
programing as a function of changing flight 
conditions. We expect to see developments in 
CET’s, making them more rugged and more 
reliable, and needing less maintenance. It is 
expected that future improvements will provide 
high-contrast ratio tube faces, allowing the CET 
to be read without difficulty under a wide range 
of ambient conditions. Developments such as 
the black-face CET are expected to find wide 
application, and we expect an increasing use of 
color CET’s, in order to distinguish among 
various types of information through color 
differentiation on the display tube. Simplifi- 
cation in means of generating color in a CRT 
will be required and improvements in the state 
of the art are expected. This may involve im- 
proved single-gun, colored CRT’s or simplifica- 
tions in other means of synthesizing color 
information. 

For spacecraft, we expect to see multiformat, 
computer-driven display systems. However, 
because of weight and power limitations, it is 
expected that solid-state matrix displays will be 
used. Field-effect electroluminescent displays 
may find less application due to lifetime restric- 
tions. Carrier injection EL offers a real po- 
tential should its rate of development be fast 
enough and successful enough to meet the 
demand. The plasma display may offer a 
realistic alternative. It can help in handling 
the lifetime limitations but it still will require 
high voltage drive. 

Is is expected that for future aerospace dis- 
play applications, a variety of display media 
will be needed to satisfy the variety of require- 
ments. Ho single medium would appear to best 
satisfy the differing requirements of these sev- 
eral vehicles. 

To develop the display system fully, con- 
sideration must also be given to displays other 
than visual displays. Audio displays may well 
be integrated into the overall design. We ex- 
pect human factors or engineering psychologists 
to help establish the role of man and the wide 
variety of display media in future man-display- 
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control systems. We also expect computer en- 
gineers and mathematical programers to play 
a significant role in display system design 


brought about by the demand for efficient pro- 
grams for multiformat computer-driven 
systems. 
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Honeywell 
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ITT (Fort Wayne) 

Lear-Siegler - 

McDonnell-Douglas. _ 

Martin (Denver) 

Martin (Orlando) 

Monsanto 

N ASA- Ames - ^ - 

NASA-ERC 
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RCA (Somerville, N.J.) 

RCA (Van Nuys, Calif.) 

Sigmatron - ~ 

Simmonds Precision Products 
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Sperry-Phoenix .. ------ 

Sylvania (Seneca Falls, N.Y.) 

Thomas Electronics 

TRW Systems ----- 

United Aircraft (Norden) 
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Charles Baker , 
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Donald DeMyer___ 

Warren Merboth 

John Polhemus 
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Device Exhibited - 
Electroluminescence 
TV aperture correction 
Holography 
Computer I/O 
Fluidic display 
Electroluminescence 
Pancake window 
Electroluminescence 
High- contrast CRT 
Electroluminescence 
Electroluminescence 
Single-gun color CRT 
Narrowband TV 
Electroluminescence 
Avian retina model 
Multiparameter display 
Fluidic display 
Electroluminescence 
Electroluminescence 
Flying spot scanner 
Liquid crystals 
Electroluminescence 
Computer I/O 
Electroluminescence 
Magnetic display 
Magnetic display 
Plasma display 
Single-gun color CRT 
CRT 

Holography 

Vertical situation display 
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